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MULTINUCLEAR MAGNETIC RESONANCE STUDY OF CHLORIDE AND CESIUM 
ION DISTRIBUTION IN HUMAN ERYTHROCYTE SUSPENSIONS. 
The protein involved in the regulation of er and Na+ transport iS"i defective in cystic 
fibrosis patients. This defective protein generates abnormal er transport across cell 
membranes. We investigated the effect of ionophores on er distribution in human erythrocyte 
suspensions by measuring the membrane potential using 19F and 31P NMR methods. 
Ionophores can clucidate ion transport and alter the permeability of cellular membranes to 
specific cations and shift the electrochemical gradient across the membrane. Two subclasses 
of ionophores exist: 1) neutral ionophores, such as valinomycin and nonactin, and 2) 
carboxylic or charged ionophores, such as monensin, lasalocid, and nigericin. Because of the 
formation of a positively charged cation-ionophore complex, the neutral ionophores are 
expected to have a stronger attraction for er and may alter the membrane potential. Of the 
ionophores tested, valinomycin and nonactin were found to induce the largest change in er 
distribution across human erythrocyte suspensions. In methanol, the 3'er NMR linewidth in 
the presence of valinomycin was twice as broad as those observed in the presence of 
carboxylic ionophores, suggesting that neutral ionophores induce er efflux in part via ion 
pairing. 
In cell suspensions, the presence of shift reagents (SRs) in the suspension medium 
leads to transmembrane differences in chemical shifts that result in the resolution of intra- and 
extracellular 7Li+, 23Na+, »i<_+, and 17Rb+ NMR resonances. In contrast, the chemical shifts 
of the two 133Cs NMR resonances in Cs+ -loaded human erythrocyte and perfused rat heart 
suspensions are distinguishable without the incorporation of a SR in the suspension medium. 
At physiologically relevant red blood cell (RBC) concentrations, 2,3-diphosphoglycerate 
(DPG), of all the intracellular phosphates tested, caused the largest 133Cs+ shift. The 133Cs+ 
resonance in carbonmonoxygenated RBC lysate shifted downfield by approximately 2.0 ppm 
with increasing hemoglobin concentration, whereas as increase in the diamagnetic 
susceptibility of the sample induced by hemoglobin is expected to induce an upfield shift of 
0.1 ppm. The 133Cs + resonance was shifted downfield with increasing concentrations of two 
unrelated proteins, carbonmonoxyhemoglobin and lysozyme. We concluded that, in the 
absence of SRs, the physical basis for the resolution of intra- and extracellular 133Cs NMR 
resonances in Cs+ -loaded human RBC suspensions arises from Cs+ binding to intracellular 
phosphates, in particular DPG, and from the non-ideality of intracellular water induced by 
hemoglobin. 
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CHAPTER I 
INTRODUCTION 
I.Al Chloride Transport in Bioloeical Systems 
Chloride ion (Cl) is one of the most abundant free anions in living cells. 
Quantification of intracellular chloride activity and the study of the mechanisms involved in 
regulation of intracellular er are of paramount importance in living cells for the following 
reasons: (a) chloride activity determines the er membrane potential; (b) transport 
mechanisms responsible for intracellular pH regulation are coupled to er activity; (c) chloride 
ion distribution is a major contributing factor towards regulation of cell volume; and (d) 
synaptic inhibition is dependent on intracellular er hemostasis. 
In light of these varied functions, Cr transport in biological systems has been the 
subject of active investigation (1-7). er is transported across the cell membrane via three 
fundamentally different pathways: an electrically conductive transport pathway and two 
electroneutral pathways, er anion exchange and er cation cotransport (Figure n. 
The contribution of each of these er transport pathways varies from system to 
system. Also, the role of er towards generating the resting membrane potential varies from 
system to system depending on whether er actively or passively distributes across the cell 
membrane. 
Electrically conductive transport of er occurs when er moves across the membrane 
1 
2 
Figure I. Major Transport Pathways for Cr Across Cell Membranes. 
Na+ 
Cot ran sport 
K+ 
Hco; 
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Conductive 
er Transport 
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and is not exchanged by another anion in the outer cell compartment. Changes in membrane 
potential occur with electrically conductive er transport. The hyperpolarization of post 
synaptic inhibitory neurons in response to gamma aminobutyric acid (GABA) is primarily 
due to increased Cr conductance (2). In these neurons, the electrochemical er gradient is 
inwardly directed so that the activation of Cr channels by GABA allow Cr to enter the cell 
and hyperpolarize the membrane. This hyperpolarization is believed to counteract the effect 
of other membrane-depolarizing neurotransmitters, such as glycine. Conductive er transport 
is also important in the function of the T tubule system of skeletal muscle. The large Cr 
conductance of the T-tubule effectively applies a partial voltage, thus preventing 
depolarization of the membrane by K + during the action potential. 
Electroneutral Cr anion exchange pathway is by far the best characterized of all the 
chloride pathways (1). In red blood cells (RBCs), this exchanges er for HC03". This 
exchange occurs as RBCs pass through the microvasculature of the lungs and the periphe_ral 
circulation. The band-3 (or anion exchange) protein is the channel responsible for this 
transport pathway in RBCs and is inhibited by 4,4'-dinitrostilbene-2,2'disulfonic acid (DIDS). 
In addition, the electroneutral er anion exchange pathway appears to be involved in the 
regulation of cytoplasmic pH. This provides a mechanism by which the cell is able to 
respond to both acidification (3) and alkalization (4). 
Electroneutral cotransport pathways for the coupled movement of Na+, K+, and er 
is observed in many cells. This pathway has been well characterized in cultured human 
fibroblasts (5-6). Cell volume regulation is considered to be an important function of this 
cotransport system (7). In Ehlrich cells exposed to hyperosmotic medium, experimental 
evidence suggested that the initial shrinkage followed by rapid increase back to the original 
5 
cell volume was due to the activation of the bumetanide-sensitive Na+ -Cr cotransport system 
with subsequent replacement of Na+ by K+ via the Na+ -K+ pump (8). Presence of defective 
pathways of er transport have been observed in Duchenne muscular dystrophy fibroblasts 
(9), congenital myotonia (10), and in cystic fibrosis (CF) (11). 
It has also been observed that ion carriers, such as ionophores, do effect the cation 
and anion distribution across cell membranes. A brief account of ionophore induced ion 
transport is discussed in section l.A.3. 
I.A2 Abnormal Chloride Transport in Cystic Fibrosis 
In recent years considerable progress has been made towards understanding the 
metabolic abnormality in CF (11-12). CF is an autosomal recessive disorder. It is the most 
lethal genetic disease in the Caucasian population, affecting 1 in 2,000 births (13). The 
median age of survival is in the twenties. Almost 95% of CF patients die of respiratory 
failure. The lung disease develops because thick, dehydrated mucus impairs airway 
mucociliary clearance and predisposes the patient to recurrent bronchial infections. CF 
airways show a particular tendency to infection with the bacterium Pseudomonas aeruginosa. 
The recurrent infections and pneumonia progressively destroy the lung and lead to respiratory 
failure. Abnormalities of sweat gland function were discovered early in the history of the 
disease and led to the classical clinical test for CF, an increased concentration of er in the 
sweat. Organs such as salivary glands, intestines, epididymis, and liver are also affected in 
CF. These clinical manifestations have been important in guiding investigators to perform 
basic research that has resulted in significant advances in two main areas: identification of the 
part of chromosome 7 which contains the CF gene, and observation of abnormal er transport 
6 
in epithelial cells. 
The sweat glands, airways, and pancreas are the three organs involved in CF and 
each of these organs contain epithelium. In CF, each of these epithelia have decreased anion 
permeability (14). Quinton and Bijman (14) examined the ion transport properties of the 
sweat duct. They found that both in vivo and in vitro CF sweat ducts had a higher 
transepithelial electrical potential difference than normal ducts. When the lumen er 
concentration was reduced in normal ducts, lumen voltage became more negative suggesting 
that Cr transport is electrically conductive. In contrast, when the lumen Cr concentration 
was reduced in CF ducts, transepithelial voltage became more positive (15-16). 
These studies suggest that CF sweat ducts have a decreased er permeability and that 
the increased transepithelial voltage results from an intact Na+ absorptive mechanism in the 
presence of er impermeability. It has been demonstrated that the secretory coil of sweat 
gland also transports electrolytes abnormally ( 17). A defect in the cAMP-mediated 
regulation of er secretion was observed in the above mentioned study (17). 
The clinical observation that CF airway secretions are thick and dehydrated led 
Knowles and coworkers (18) to study electrolyte transport in CF epithelium. They observed 
that in vivo the voltage across upper nasal and lower tracheal airway epithelial is higher in 
CF patients than in normal subjects. Subsequently, in vivo Cr substitution studies (19), the 
observation that transepithelial er fluxes are decreased in excised nasal polyps (20), indicated 
that CF airway epithelium is relatively impermeable to CL 
The most recent advances have demonstrated that the CF protein is, most likely, a 
chloride ion channel rather than a pump (12). Based on structural similarities with a family 
of membrane pumps that bind ATP, it was assumed that the cAMP regulated CF protein was 
7 
an energy dependent pump. Experiments involving substituting a negative amino acid, 
aspartate or glutamate, for the positively charged lysine changed the function of the CF 
protein. Chloride ions, which are normally transported more easily than iodide ions, are 
transported more slowly after lysine substitution. The role of cAMP is now believed to be 
involved in opening the CF protein and not as a source of energy normally required to pump 
ions across the cell membrane. Studies of the er abnormality in CF have been performed 
using invasive techniques to monitor Cr transport in biological systems. A review of the 
methods used in the study of Cr transport is presented in section I.AS. 
I.A3 Ionophore Mediated Chloride Transport Systems 
Membrane phospholipids are composed of both polar head groups and nonpolar 
hydrocarbon chains. This bilayer composition is held together by noncovalent bonds and 
coulombic interactions, which allow for a high degree of flexibility with regards to cell 
membrane composition and dynamic properties (21). 
Despite the high degree of flexibility, the membrane remains relatively impermeable 
to small ions. This is a result of the large amount of energy needed to transfer an ion from 
the aqueous phase into the hydrocarbon, apolar phase (21). This barrier is important in 
maintaining selectivity and regulation of ion permeability. With the aid of ionophores, the 
cell membrane permeability for metal cations is increased (22). 
There are two classes of ionophores: 1) channel forming ionophores; and 2) carrier 
ionophores. A channel forming ionophore, such as gramicidin, spans the cell membrane and 
provides a hydrophilic channel through which the cations can pass. Two subclasses of 
carrier ionophores exist: 1) neutral ionophores, such as valinomycin (Val) and nonactin 
8 
(Non), and 2) carboxylic or charged ionophores, such as lasalocid (Las), nigericin (Nig), and 
monensin (Mon) (23). Carrier ionophores function by binding the ions prior to transport. 
Neutral ionophores do not contain any ionizable groups and therefore carry monovalent 
cations as charged complexes, with an overall charge of + l. Carboxylic ionophores contain 
ionizable groups and therefore transport cations as neutral complexes. The structures of the 
carrier ionophores used in this investigation are shown in Figure II. 
The ionophores function by binding the cation and transporting it through the 
membrane. This is accomplished with the extremely flexible ionophore backbone, comprised 
of strategically placed oxygen atoms (24). The oxygens are capable of forming a ring or 
cavity into which a cation may fit. With the polar groups of the ionophores located towards 
the interior, the apolar hydrocarbon chains then line the exterior surface. This ability to 
change conformation explains the lipid solubility of the ionophore cation complex. The 
mechanism by which a cation is transported through the membrane with th~ assistance of an 
ionophore is shown in Figure III. The steps of the ion transport mechanism are: a) 
formation of a carrier-metal complex at one surface of the cell membrane; b) transport of the 
complex through the membrane; c) dissociation of the metal ion from the carrier and its 
release to the other cell compartment; and d) transport of the carrier back through the 
membrane (24). 
Nuclear Magnetic Resonance (NMR) studies as well as X-ray crystallography, CD, 
and IR studies have determined not only the free metal ionophore structures but also the ion 
bound conformations (23-29). As shown in Figure IV, three different conformations of 
metal-free valinomycin exist in different solvents (23). These conformations are observed in 
solvents of varying polarity. The A conformation exists in nonpolar solvents, such as 
chloroform and hexane, with six intramolecular hydrogen bonds between the NH of valine 
9 
figure II. Structures of Carrier lonophores Used in this Study. At physiological pH, Val 
and Non are neutral while Nig, Las, and Mon are negatively charged. 
A. Valinomycin B. Nonactin 
C. Nigericin 
D. Lasalocid (X-537A) E. Monensin 
Structures A and B are the neutral lonophores 
Structures C - E are the Carboxylic lonophores 
10 
11 
Fi~re III. Carrier Ionophore Mediated Cation Transport (adapted from reference 24). M is 
the cation being transported by the free ionophore I, lc1w is the rate of transport of the 
complex, K1 is the rate of transport of the free carrier, lcR is the rate of association between 
the carrier and the cation, and k0 is the rate of dissociation. 
12 
M + I + M 
ko 
13 
Figure IV. Metal Free Ionophore Conformations in various solvents (adapted from reference 
23). A, B, and C are the solution conformations of valinomycin without the presence of a 
metal. 
14 
A B c 
15 
residues and the carbonyls of lactic acid. In solvents of medium polarity, such as 3: 1 
mixtures of DMSO and CC14 , conformation B exists with only three NH and carbonyl 
hydrogen bonds. No hydrogen bonds exist for conformation C in highly polar solvents, such 
as methanol and DMSO. As the degree of solvent polarity increases, the flexibility of the 
ring increases. Solvent polarity also controls the relative populations of the three 
conformations. 
Val is the most extensively documented ionophore, with the complete metal ion 
bound conformations available as well as the metal-free ionophore structures. From 1H and 
13C NMR studies it was found that the mechanism by which ions enter the intramolecular 
cage of valinomycin involves several conformers (23-27, 29, 30). The carbonyls initially 
orient away from the interior allowing a free path for the ions to enter. The cation is then 
firmly trapped inside the ionophore cavity once the carbonyls reorient inwardly. The 
nonpolar, low dielectric environment of the membrane interior prevents release of the cation. 
It is only when the more polar membrane surface is reached that the cage opens, releasing 
the cation. These studies have revealed that all mobile carrier ionophores have a cyclic or 
quasi-cyclic structure capable of complexing ions directed towards the interior of the 
complex. For carboxylic ionophores, this requires head-to-tail H bonding in order to form 
a ring, since their basic structure has a linear backbone. 
As a result of the cyclic conformation of the ionophore-cation complex a selectivity 
sequence exists for complex formation by ionophores. The selectivity sequence, shown in 
Table I, is based not only on the size ratio of the ionophore cavity to the radius of the 
cation, but also on the asymmetric ionophore charge distribution (24). Based on the 
selectivity sequences shown in Table I, the listed ionophores prefer monovalent cations over 
16 
Table I. Ionophore Selectivity of Cations (adapted form reference 24) 
Ionophore Molecular Weight 
I. Neutral Ionophores 
Valinomycin 
Nonactin 
II. Carboxylic Ionophores 
Monensin 
Nigericin 
Lasalocid 
1110 
736 
670 
724 
590 
Selectivity Sequence 
Rb+> K+> Cs+> Ag+> Tl+ 
> > NH4 +>Na+> Li+ 
NH4+ > K+ =Rb+ >Cs+> Na+ 
Na+>> K+ >Rb+ >Li+ >Cs+ 
K+ >Rb+> Na+ >Cs+>> Li+ 
Cs+> Rb+= K+ >Na+> Li+; 
Ba2+ > sr2+ > Ca2+ > Mg2+ 
17 
divalent cations when forming 1: 1 complexes. However, ionophores such as A23187, have 
been shown to be more selective for divalent cations (23). The ionophores which complex 
with divalent cations form complexes of different stoichiometry based on the solvent used 
(23). The conformations of the divalent ionophores also differ in various solvents. 
With all the information available on the structure and function of ionophores, there 
exists considerable ambiguity on the effect of ionophores on the membrane potential of 
biological systems (30). It was interpreted that transport of the positively charged neutral 
ionophore-cation complex out of the cell was accompanied by either er efflux through the 
anion transport band 3 protein, or proton exchange, thereby maintaining cell neutrality and 
not affecting the potential gradient (30). However, Hladlky and Rink (31) have clearly 
shown by fluorescence spectroscopy that Val does affect the membrane potential of RBCs. 
Alternatively, the positively charged neutral ionophore-cation complex could ion pair with a 
er and thus provide an additi9nal transport pathway for anions. 
I.A4 Ion Pairine 
The concept of ion pairing pertains to two ions that are in the close vicinity of each 
other for a short time before their thermal motions tear them apart (32). There are several 
proposed models to represent the possible ion associations existing in solution (32-34). As 
shown in Figure V, three types of ion pairs exist, with the environment of the solvent and 
ions differing between each form. NMR spectroscopy has proved to be a valuable technique 
for differentiating between the types of ion pairs existing in solution (25-30). In particular, 
quadrupolar nuclei, such as 3~Cr, have an electric field gradient which is very sensitive to the 
symmetric charge distribution around the observed nuclei (33,35). Changes in both chemical 
shift (o) and line width (Llv.,J yield information on electron distribution about the nucleus of 
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Figure y, Types of Ion Pairs. M+ and M. represent cations and anions, respectively. C 
differs from B in that a solvent molecule is not interposed between the cation and the anion. 
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interest. As a result of ion association a decrease in relaxation produces line broadening 
which is easily observed. The NMR line width is the only parameter which is able to 
distinguish between two of the possible ion associations, contact and solvent separated ion 
pairs (34). In the case of contact ion association the 35Cl NMR line width increases 
compared to the solvent separated system (34). 
Ff-IR provides a complimentary approach to study ion pairing in solution. 
Formation of an ion pair can lead to changes in point group symmetry for perchlorate from 
Td to e 3v or e 2v resulting in the appearance of new bands in the mid infra-red region (35). 
It is important to note that the time scale of the NMR and IR measurements are considerably 
different (35). For instance, for IO MHz 35el NMR spectroscopy the time scale is of the 
order of 10·1 s whereas for vibrational spectroscopy, it is of the order of 10·12 s. A 
consequence of the different observation times in the two techniques is that ion pair 
formation may be in fast exchange based on the NMR time !!Cale and in slow exchange based 
on the IR time scale. 
The electrostatic interactions of neutral ionophores with cations result in positively 
charged complexes which may ion pair with a counteranion, such as er or e10;. This ion 
pair association may provide an alternate transport pathway as mentioned in section IA.3. 
Val and alkali cations are known to ion pair with several paramagnetic anions, such as 
CoBr./° and eo(SeN),.2° (36). No reports existed on ion pairing of ionophores with er or 
e104· prior to this study. 
I.AS Methods Used in the Study of Chloride Transport in Biolo2ical System~ 
er transport and distribution in cell suspensions and perfused tissues have been 
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studied using radioactive tracers and ion selective microelectrodes. Recently, a halide 
sensitive fluorescent probe, 6-methoxy-N-{3-sulfopropyl)quinolium (SPQ), has been designed 
and successfully used to study chloride transport in cell suspensions (37-38). In this section, 
each of these techniques is reviewed. 
Ion-selective microelectrodes (ISMs) are the most widely used devices for measuring 
the activity of chloride. Both steady state as well as changes in activity of chloride can be 
obtained by this technique. This technique also allows for measurement of er fluxes across 
plasma membrane of individual cells. ISMs measure the activity and not the concentration 
of er ions. It is possible to estimate the free intracellular ion concentration by dividing the 
measured activity by its intracellular activity coefficient (39). ISMs have good time 
resolution for studying er transport and permit continuous measurements of chloride activity 
(39-40). Despite these advantages, ISMs do have several drawbacks. The method is 
invasive and requires cells to be penetrated with two microelectrodes (41-42). This requires 
not only electrophysiological skill but also a cell that allows such impalement without 
suffering irreversible damage. Lack: of perfect selectivity and inability to measure 
unidirectional fluxes are also additional drawbacks of ISMs. 
The most common radioisotope used to study er transport in cells is ~I. ~I 
decays by emitting a 6 (electron) particle to become the inert gas, argon. The energy of the 
emitted particle is 0.709 MeV and can be easily measured by scintillation spectroscopy. 
Theoretically, the highest attainable specific activity is 1.17 Ci/mole. In practice one gets 
about 0.3 Ci/mole. In order to use 36Cl to monitor er fluxes, the flux must be high. This 
tracer method depends on several independent measurements. Its precision and accuracy are 
rather poor (43). 
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In recent years, Verkamn and his coworkers (37-38, 44-46) introduced SPQ, a 
fluorescent compound sensitive to er. This indicator is apparently non-toxic and very 
sensitive to er (38,46). It does not act as a er ionophore or er buffer (38, 44-45). 
However, the SPQ method has several limitations for the study of er transport in cells. 
SPQ leaks rapidly out of cells and the absolute signal depends on dye concentration. The 
leakage rate appears to depend on cell type and SPQ loading procedure (38,46). Another 
major limitation is the inability to make fluorescent ratio measurements and the lack of a 
second reference wavelength makes it difficult to determine accurately cell er activity if 
significant SPQ leakage occurs. The peak excitation of SPQ occurs at 350 nm, which is in 
the same range as that of the autofluorescence wavelength of most cells. Finally, a 
significant fall in the sensitivity of the dye to changes in the er activity occurs inside cells. 
It is reported that the quenching constant falls from 118 M"1 to 12 M·1 in rabbit proximal 
tubules (38) and 13 M·1 inside epithelial cells (46). This has been attributed to SPQ 
quenching by intracellular anions. This clearly indicates that intracellular sensitivity of this 
indicator must be evaluated and intracellular calibration performed for each cell type. 
NMR spectroscopy provides a non-invasive method for monitoring ions in biological 
systems. The availability of multinuclear NMR spectrometers has made it possible to obtain 
spectra of biologically important cations like Na+, K+, ea+2, Mg+2, etc (33). The intra- and 
extracellular resonances of cations in RBes and tissues have been resolved with the use of 
aqueous shift regents (SRs) (47-57). Most SRs are negatively charged. Due to the bilayer 
nature of cell membranes, SRs are not soluble in the lipophilic membrane interior and they 
are repelled by the negatively charged head groups of phospholipids. Thus, SRs remain in 
the extracellular compartment during NMR experiments conducted on cell suspensions. 
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Through the use of SRs the extracellular resonance is shifted away from the intracellular 
resonance allowing the simultaneous observation of the two pools of metal ions. Information 
on metal cation transport and distribution in cell suspensions, and enzymatic activity is then 
easily obtained by metal NMR spectroscopy in the presence of SRs (51-53). 
The presence of SRs in the suspension medium leads to transmembrane differences in 
chemical shifts resulting in resolution of intra- and extracellular 7Li +, 23Na +, ~+, and 17Rb + 
NMR resonances in cell suspensions (47-56). In the absence of shift reagents, 
transmembrane differences in relaxation times provide an alternative means of distinguishing 
intra- and extracellular pools of Li+ and K+ ions (57 ,58). 
In contrast to the vast amount of literature on 7Li, 23Na, and ~ NMR applications 
to biological systems, very few published literature exists on the biological applications of 
35el NMR spectroscopy. Brauer and Sykes (1) have attempted to elucidate er transport in 
RBes using ·35el NMR. They report that intracellular Cr is invisible by 35CI NMR 
spectroscopy because of Cr binding to hemoglobin in human erythrocytes. Only changes in 
the extracellular 35CI NMR signal were observable. This does not allow for the simultaneous 
visualization of both intra- and extracellular er ions. Only information on changes in the 
extracellular er levels could be monitored. Recently, the visibility of intracellular "CI 
resonance in dog RBCs and kidney tubules has been investigated by Boulanger et al. (59). 
They reported that intracellular er is 40% visible in dog erythrocytes but invisible in dog 
renal tubules. Riddell et al. (60) reported a method by which 35CI NMR spectroscopy can be 
used to study chloride ion transport in vesicles suspensions. Their approach takes advantage 
of efficient relaxation of er by Mn2+ and does not involve the use of SRs. Bryden et al. 
(61) report on the SR properties of several lanthanide macrocycles with er. From their 
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report, DyNOTA (where NOTA = 1,4,7-triazaclycononance-N,N' ,N"-triacetate) gave the 
largest Cr shift (-10.22 ppm). There is however a substantial contact contribution to this 
observed shift (61). This means that the chloride ion is directly coordinating to the 
lanthanide ion. Contribution of contact shifts to the observed shifts complicates the use of a 
SR. To minimize contact shift contribution, SRs with an overall higher negative charge and 
having the paramagnetic centers protected by bulky ligands that prevented direct er binding 
were tried in this study. These features lessen er attraction by the SRs, reducing the contact 
contribution. However, the resulting shift was insufficient to separate intra- and extracellular 
CL Cobalt (II) was also tested as a possible Cr SR (62). Shulman et al. (62) report 
separation of intra- and extracellular er in vesicles. This approach suffers from some 
serious limitations which are discussed in detail in section IV.2. It has yet to be shown that 
one can resolve intra- and extracellular er resonances in cells with or without SRs by 35Cl 
NMR spectroscopy. 
NMR is also able to provide information on er binding in membranes. The binding 
of sodium to the saliva of CF patients by 23Na NMR has been reported (63). This 
information is not obtainable by the other aforementioned techniques. There is a limited 
number of NMR studies of the disorder found in CF patients. The emphasis of these 
applications is on structural characterization of sialyloligosaccharide units from CF patients 
by 1H and 13C NMR spectroscopy (64-68). 35Cl NMR has the potential of providing a direct 
way to monitor chloride binding and transport properties in cells of CF patients. 
I.Bl BioloeicaJ Importance of Cesium 
The discovery of a convenient tool for Cs+ analysis comes at a time when much 
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interest in the biochemistry and physiology of Cs+ in biological systems exists (69). The 
first area of interest is concerned with understanding the general properties of alkali metal 
ions in transport and enzyme activation. This typically involves using Cs+ as a tracer to 
study K+ transport and distribution in vivo because es+ is considered to be physiologically 
similar to K+. The second area of interest occurs in investigating the toxicological problems 
related to radioactive 137Cs + uptake. Radioactive 137Cs + has a biologically long half life and 
is a byproduct from nuclear explosions. Once generated it is passed quickly down the food 
chain and eventually settles in muscle and bone tissues. The third area of interest occurs in 
the application of Cs+ to treat depression. Typically, Li2C03 has been administered to treat 
depression. Cs+ was found, however, to have a better absorption rate without some of the 
side effects associated with Li+ salts. Since the evaluation of Cs+ salts for their 
antidepressant activity by Messiah and coworkers (70-71), several studies have appeared on 
cs+ effects on neuromuscular systems (72), immune system (73), motor functions (74), and 
tumor growth (75). Pretreatment with CsCl was found to significantly counteract the 
chlorpromazine-induced decline in motility as well as increased spontaneous locomotor 
activity in mice (70). Pretreatment with CsCI was also found to produce a central 
antagonistic action on sodium pentobarbital induced sleep (71). The physiological similarity 
between Cs+ and K+ may indicate that Cs+ can displace K+ in some physiological processes. 
The use of Cs+ to treat some forms of depression would then require careful monitoring of 
the K+ levels to prevent possible toxicity associated with a K+ deficiency (71). Studies 
investigating the effects of Cs+ on the neuromuscular system found that Cs+ is very 
photoelectrically active. The ability of Cs+ to interfere in cellular functions and neural 
excitability resulting in alteration of tumor requirements and nerve impulse propagation may 
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be linked to the fact that Cs+ is the most electropositive metal. In these studies, Cs+ is 
generally administered in the chloride form because this is the least toxic source with an 
L.D.'° of 1,118 mg/kg (72). A comparison of Li\ Rb\ and Cs+ uptake in mouse brains 
found that although Rb+ had the highest uptake rate, Cs+ was retained the longest. This is 
supported by the long biological half life for cs+ found in human studies. These findings 
suggest that treatment with Cs+ salts may allow for short term drug free periods. Despite 
numerous reports on Cs+, the interactions of Cs+ with cell membranes and intracellular 
metabolites in human red blood cells (RBCs) and perfused tissues remain to be understood. 
I.B2 Methods Used in the Study of the Cesium Ion 
Intra- and extracellular 133Cs+ NMR resonances in Cs+ -loaded cell suspensions exhibit 
a unique behavior. The chemical shifts of the two mes NMR resonances in Cs+ -loaded 
human erythrocyte suspensions and perfused rat heart are distinguishable without the 
incorporation of a SR in the suspension medium (76). Similar mes NMR observations were 
recently made with living plant tissue (77). On the other hand, with vesicular preparations 
triphosphate was required to separate the 133Cs+ NMR resonances (78). The origin of the 
two 133Cs NMR resolved resonances in Cs+ -loaded human erythrocyte suspensions in the 
absence of SR is not known (76). 
Because of the large ionic radius of cs+, the NMR chemical shift (o) range of mes+ 
is much larger relative to those of other alkali metal nuclei and is known to be extremely 
sensitive to chemical environment and is effected by counterions present, as well as 
temperature, and solvent composition (79). These effects arise from short range ion-solvent 
and ion-ion interactions. Iodide was found to have the largest effect on o followed by Bf, 
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er, and F. A similar trend is observed for the effect of counter ions on the o in the crystal 
lattice. As the temperature is lowered the o measured in different solvents becomes more 
paramagnetic. Once a temperature below 100 °C is reached, the shifts become independent 
of solvent (79). Of all alkali metals, Cs+ was found to have the largest solvent dependent o 
scale, varying by more than 100 ppm. Solvents with the lowest Gutmann donor numbers 
gave the largest downfield shifts. The mes nucleus has a nuclear spin of 712, a small 
quadrupole moment, and a relaxation rate approximately 200 times smaller than the other 
NMR detectable alkali metal nuclei (33). The Cs+ ion is 100% visible by mes NMR 
spectroscopy (33). With a small quadrupolar moment, little distortion in the line shape of the 
Cs+ NMR resonance is observed, enhancing the information obtainable by mes NMR 
spectroscopy. These factors make mes NMR spectroscopy an ideal technique for 
investigating Cs+ distribution and transport in biological systems (76-78). Moreover, 
interesting information on rapid Cs+ ion motion around DNA was recently obtained using 
multiple quantum mes NMR experiments of macroscopically oriented CsI?NA (80). 
Other methods used to study Cs+ in biological systems include atomic absorption 
spectroscopy (AAS) and radioisotope labeling. The activity of Cs+ as an antidepressant and 
its effect on certain neurological-psychiatric manifestations in rats has previously been studied 
by AAS (69). Experiments involved removal of the whole brain from rats previously 
administered CsCI. After homogenation in ice-cold perchloric acid, the supernatant was 
assayed for Cs+ by AAS. Information on Cs+ accumulation in the brain is obtainable 
without any information available on Cs+ binding sites in the brain. Information on cs+ 
transport rates is not accurately determinable by this technique because it requires treating 
several animals CsCI for different time periods followed by a series of analytical procedures. 
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The radioactive '"Cs has been used as a tracer to study the cation metabolism of 
human erythrocytes (81). From these radioisotope studies ~b, ' 2K, and '"Cs were all found 
to enter into similar metabolic processes and concentrate within red cells to approximately the 
same extent. The exchange measured with '"Cs as the tracer was much slower than for ~b 
and ' 2K as tracers. Radioisotope studies are hindered by the level of contamination, and the 
possibility of biological separation of this element by the system being studied in which the 
distribution of the radioisotope does not follow that of the substituted ion. 
I.B3 Cesium Transport in BioloeicaJ Systems 
With the observation of intra- and extracellular Cs+ resonances by 133Cs NMR 
spectroscopy, the use of Cs+ as a tracer for K+ provides an ideal technique by which 
information on K+ metabolism could be obtained. In systems deficient in K+, Cs+ is able to 
enter cells via the Na+/K+ ATPase (81). This membrane protein provides one of the major 
transport pathways for sodium and potassium. This pathway requires ATP to extrude 
sodium from the cell while simultaneously accumulating potassium. The rate of Cs+ uptake 
is approximately 113 that of K + and can be reduced by a factor of 2 upon addition of 
ouabain, an inhibitor of Na+ IK+ A TPase (76). The concentration of Cs+ required to activate 
the Na+ /K+ A TPase varies from system to system. In the presence of K+, high 
concentrations of Cs+ are required for Cs+ transport. Once transported, Cs+ deposits in the 
muscle and bone tissue. Despite the fact that Rb+ is a better substitute for K+, the NMR 
receptivity of 87Rb is poor. Thus, the simultaneous observation of both intra- and 
extracellular 133Cs+ resonances without incorporation of a SR makes using Cs+ a better 
substitute for K+ transport studies. 
CHAPTER II 
STATEMENT OF THE PROBLEM 
The primary goals of this project are to study ion pairing and distribution of er in 
human RBCs suspensions containing ionophores using noninvasive NMR techniques, and to 
investigate the origin of the two 133Cs + NMR resonances in the absence of SR in Cs+ -loaded 
human RBC suspensions. 
Several studies have shown that an abnormal Cr transport exists in CF patients due 
to a defective protein coded by chromosome seven (82). The transport of er across cell 
membranes is important in cellular regulation, absorptive and secretory processes (37). 
However the conventional methods of measuring er transport, namely patch clamp, 
microelectrodes, and 36Cl tracer techniques, are restricted by their sensitivity, time resolution, 
and applicability. Inefficient cell loading of SPQ severely limits the fluorescent method (38). 
35CI NMR spectroscopy provides a non-invasive approach to study er ion pairing and 
distribution in RBCs. 
Several studies have appeared on the biological effects of Cs+ in RBCs and perfused 
tissues (76). Cs+ has been shown to affect neuromuscular systems, immune systems, motor 
functions, and tumor growth (69-75). Current methods of studying Cs+ in biochemical 
systems include: AAS and the use of radioisotopes. The discovery of a convenient tool for 
cs+ analysis which provides information on Cs+ transport and binding would further enhance 
our understanding on the role of Cs+ in biological systems. Intra- and extracellular 133Cs 
NMR resonances in Cs+ loaded cell suspensions exhibit an unique behavior (76). It is the 
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simultaneous visualization of the two Cs+ pools in the absence of shift reagents that makes 
133Cs NMR spectroscopy an ideal technique to investigate the role of Cs+ in biological 
systems. Brix et al. (83) have shown that chloride binding to Hb is stronger than that of DPG 
to Hb. Moreover, they have also shown that chloride shifts affect oxygen binding to Hb in 
RBCs (83). Theoretical analysis has shown that binding of metal ions to Hb or DPG affects 
oxygenation in RBCs (83). er and Cs+ appear to have a similar effect on the uptake of 0 1 
in RBCs (83). We hypothesize that cesium toxicity could arise from its binding to Hb or 
DPG thereby affecting oxygenation in RBCs. 
The two nuclei (35Cr and 133Cs+) have interesting NMR behavior. 35Cl" is in fast 
exchange on the NMR time scale, while 133Cs + is in slow exchange. This interesting property 
combined with the above observations on the effects of er and Cs+ in RBCs prompted our 
detailed investigation of these two ions in biological systems using NMR. 
Specific experiments were designed to research each of the following specific aims: 
Il.1 Characterization of Lanthanide SRs for Monitorin& Cr Transport and 
Distribution in Human RBCs by "Cl NMR Spectroscopy. 
In an attempt to directly obtain er concentrations, I set out to discriminate the intra-
and extracellular resonances of er across the membrane using lanthanide SRs and 35Cl NMR 
spectroscopy. I have characterized the Dy3+ complexes of ITHA, PPP, DPA, NOTA, 
DOTA, and DTP A in order to obtain a suitable SR that produces 35Cr shifts large enough to 
discriminate between intra- and extracellular signals and yet remain membrane impermeable 
in cell suspensions. 
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n.2 Investi2ation of CJ" and CIQ4• Ion Pairin2 in the Two Subclasses of lonophores. 
In order to investigate ion pairing of metal ion-ionophores with Cr and Clo;, the ion 
pairing ability of neutral and carboxylic ionophores with er and c10; in different solvents 
with varying dielectric constants and donor numbers were studied. I hypothesize that neutral 
ionophores, and not carboxylic ionophores, change er distribution in RBCs via ion pairing 
mechanism. 19F and 31P NMR spectroscopies were used to quantitate er distribution ratios 
in RBC suspensions containing ionophores. 
Il.3 Physical Basis for the Resolution of Intra- and Extracellular Cs+ in RBCs bv mes 
NMR Spectroscopy. 
The factor(s) responsible for the observation of intra- and extracellular mes resonances 
in human RBCs by 133Cs NMR spectroscopy were examined. Factors such as viscosity, 
magnetic susceptibility, and Cs+ binding to RBC components as well as the membrane were 
examined. I hypothesize that the physical basis for the resolution of intra- and extracellular 
mes NMR resonances in Cs+-loaded RBC suspensions is due to Cs+ binding to intracellular 
phosphates, and to the non-ideality of intracellular water induced by hemoglobin. Factors 
responsible for Cs+ toxicity in RBCs were also studied. 
Ill.1 Materials 
Ill.1.1 Reuents 
CHAPTER III 
EXPERIMENTAL METHODS 
Sodium chloride (NaCl), cesium chloride (CsCI), potassium chloride (KCI), 
magnesium chloride (MgCIJ, calcium chloride (CaClJ, cobalt (II) chloride (CoClJ, nickel 
(II) chloride (NiCIJ, potassium perchlorate (KCIOJ, lanthanide chloride salts (LnC13), 
potassium phosphate (KH)>O,) triethylenetetraamine hexaacetic acid ~TIHA), diethylene 
triamine pentaacetate (DTPA), dipicolinate (DPA), cobalt (II) acetylacetonate (Co(acac)J, 
sodium triphosphate (NaJ>PP), glucose, tetramethylammonium hydroxide, sucrose, deuterium 
oxide (020), 4,4' -dinitrostilbene-2,2' -disulfonic acid (DIDS), valinomycin, nonactin, nigericin, 
lasalocid, monensin, methanol, acetonitrile, nitromethane, dimethylsulfoxide (DMSO), 
hypophosphite (HP), trifluoroacetate (ff A), and trifluoroacetamide (fFM) were supplied by 
Aldrich Chemical Company (Milwaukee, WI). HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], vitamin B12, cobinamide dicyanide, adenosine triphosphate 
(ATP), adenosine diphophate (ADP), 2,3-diphosphoglycerate (DPG), polyvinyl pyrrolidone, 
n-octyl P-D-glucopyranoside, and L-a-phosphatidylcholine (PC) were obtained from Sigma 
Chemical Company (St Louis, Missouri). All chemicals were used as received except sodium 
triphosphate and the solvents which where further recrystallized or purified as described 
below. 
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111.1.2 Human Blood and Froe Specimens 
Packed red blood cells (RBCs) were supplied by the Chicago Chapter of Life 
Source. Male Northern Grass Frogs were supplied by Koos Scientific (Germantown, Wisc). 
The protocols for experiments involving human blood and frogs were approved by the 
Institutional Review Board for the Protection of Human Subjects and the Institute for Animal 
Care and Use Committee (Lake Shore Campus). 
111.2 Instrumentation 
111.2.1 NMR Studies 
7Li, 13C, 19F, 23Na, 31P, 35Cl, and 133Cs measurements were made at 116.4, 
75.4, 282.2, 79.4, 121.4, 29.5, and 39.4 MHz, respectively on a Varian VXR-300 NMR 
spectrometer. The instrument was equipped with a 10 mm multinuclear probe and a variable 
temperature unit. Some 19F experiments were conducted on a General Electric GN-500 NMR 
spectrometer (Univ. of Texas at Dallas). 
A standard single pulse sequence was employed to obtain the NMR spectra of all 
samples. Samples containing intact RBCs, ghosts, and vesicles were all run nonspinning. All 
NMR experiments were run under identical gain settings and absolute intensity conditions. 
7Li NMR spectra for testing ion pairing in ionophore solutions were obtained using 
a flip angle of 60" (14 µsec), an acquisition time of 0.97 sec, a 35 sec delay, a spectral width 
of 4500 Hz, and 25 transients. All 7Li spectra were recorded at ambient temperature and 
referenced to 0.15 M LiCI. 
13C NMR spectra for the characterization of cs+ -DPG interactions were obtained using 
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a flip angle of 45° (8. 7 µ.sec), an acquisition time of 0.3 sec, a 2 sec delay, a spectral width 
of 13514 Hz, and 6000 transients. All 13C spectra were recorded at ambient temperature and 
referenced to TMS. 
19F NMR spectra for determination of the Cr distribution in RBCs were obtained using 
a flip angle of 90' (20.0 µ.sec), an acquisition time of 3.0 sec, a 30 sec delay, a spectral width 
of 100000 Hz, and 32 transients. All 19F spectra were recorded at ambient temperature and 
referenced to TF A. 
23Na NMR spectra for testing LUVs for leakiness and ion pairing in ionophore 
solutions were obtained using a flip angle of 7S' (20.0 µsec), an acquisition time of 0.5 sec, 
a spectral width of 10405 Hz, and 1000 transients. All 23Na NMR spectra were recorded at 
ambient temperature and referenced to NaCl-Op. 
lip NMR spectra of ATP, ADP, DPG, and P1 in RBCs and model systems were 
obtained using a flip angle of 45° (10 µsec), an acquisition time of 1.5 sec, a spectral width 
of 10000 Hz, and 4000 transients. All lip NMR spectra were recorded at 37°C for RBC 
samples and ambient temperature for model systems. All spectra were referenced relative to 
HlP04• lip NMR spectra of HP in RBCs were obtained using a flip angle of 90' (11.5 µ.sec), 
an acquisition time of 1.0 sec, a spectral width of 10000 Hz, and 32 transients. Waltz 
decoupling was used at a high power of 75. 
l5el NMR ~pectra of er ionophore solutions were obtained using a flip angle of 45° 
(33 µsec), an acquisition time of 0.1 s, a spectral width of 8143 Hz, and 100000 transients. 
All l5el NMR spectra were recorded at ambient temperature and referenced to KCl in 0 20. 
Line widths reported are corrected for any line broadening. Parameters similar to those used 
for acquiring the 35el NMR spectra of er ionophore solutions were also used for er SR 
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experiments. Samples containing RBCs, LUVs, or muscle tissue were run nonspinning. 
35Cl NMR spectra of ClO; ionophore solutions were obtained using a flip angle of 45" 
(33 µsec), an acquisition time of 0.5 s, a spectral width of 5066 Hz, and 200000 transients, 
with transmitter offsets of 3500 and 18700. All 35Cl NMR spectra were recorded at ambient 
temperature and referenced to KCI04 in 0 20. 
133Cs NMR spectra of Cs+ loaded RBCs and aqueous solutions were obtained using 
a flip angle of 45° (16 µsec), an acquisition time of 1.0 sec, a spectral width of 8000 Hz, a 
25 sec delay, and 1000 transients. With the exception of intact RBCs suspensions, the spectra 
of all samples were recorded spinning. All 133Cs NMR spectra were recorded at ambient 
temperature, unless otherwise mentioned in figure legends. The reported paramagnetic shifts 
were measured relative to samples that were free of SR. Downfield and upfield shifts were 
defined as negative and positive, respectively. 
Field-frequency locking on 0 20 present in the aqueous media w.as used throughout. 
No coaxial tube combinations were used, except for the experiments in which the contribution 
of the non-ideality of intracellular water to the intracellular 133Cs+ shift was investigated 
(section IV. 6). In these experiments, the 133Cs + chemical shifts were referenced relative to 
0.15 M CsCl placed in the bulb of a spherical bulb/cylindrical capillary (Wilmad Glass Co., 
Inc., Buena, NJ) supported in the outer 10 mm NMR tube with a vortex plug. 
111.2.2 Vapor Pressure Osmometer 
The osmolarity of the suspension medium used for all the RBC and vesicle 
samples was adjusted with NaCl to 300 and 200 + 5 mOsm, respectively, with a Wescor 
Vapor Pressure Osmometer (Logar, Utah). The vesicles were prepared in 100 mM NaCl 
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resulting in an osmolarity of 200 mOsm. 
111.2.3 Centrifm:e 
Blood processing was performed at 4°C using a Savant refrigerated centrifuge 
model RWC-825. Preparation of resealed RBC ghosts was carried out using either a Dupont 
model RC-SB refrigerated centrifuge, which was equipped with a Sorvall SS-34 rotor, or a 
Beckman 12-21, which was equipped with a JA-20 rotor. 
111.2.4 Viscometer 
The viscosity of the ionophore solutions was measured with a Brookfield Cone 
Plate Viscometer, equipped for low viscosity samples, using an 8° CP-40 cone, at 12 rpm. 
The viscosity of ATP, ADP, DPG, Pi, and Hb solutions was adjusted with either glycerol or 
polyvinyl pyrrolidone (PVP-100) to 5 cP to correspond to the viscosity inside RBCs (84). 
111.2.5 UV /VIS Spectrometer 
Hb concentrations were measured with an IBM UV-VIS double beam 
spectrometer, model 9420. The absorbance at 555 and 430 nm (extinction coefficients 12.5, 
133 cm·1 mM"1) were recorded for deoxyHb. The absorbance at 569 nm (extinction 
coefficient 13.4 cm·1 mM"1) was recorded for COHb (85). 
111.2.7 FT-IR Spectrometer 
All Ff-IR measurements were recorded on an Alpha Centauri Ff-IR 
spectrometer located at Northwestern University, Chicago, II. 
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111.3 Sample Preparation 
111.3.1 Preparation of Shift R~ents 
The shift reagent containing the ligand TIHA6- was freshly prepared by in situ 
methods previously described (50, 54, 57), with the exception that tetramethylammonium 
hydroxide was used as a base. With this modified procedure, the shift reagent was in the 
form of tetramethylammonium salt. This was done so that the bulky counter cation would be 
less competitive with alkali and alkaline-earth metal cations being studied. 
Tetramethylammonium Dy(III) triphosphate was prepared by the following method: 
recrystallized NaJ>PP was passed down a cation-exchange Dowex-50 column loaded with 
tetramethylammonium chloride. The tetramethylammonium triphosphate thus obtained was 
recrystallized five times and was checked by 23Na NMR and AAS for any residual sodium. 
Sodium content of tetramethylammonium triphosphate was estimated to be less than 9% of 
sodium present in Na5PPP. The tetramethylammonium form of the shift reagent Dy(PPP)t 
was obtained from the dysprosium chloride by an in situ reaction with tetramethylammonium 
triphosphate (54). 
NOTA was prepared by the following procedure (87): triazacyclononane (4.6 g) was 
dissolved in acetonitrile and K2C03 (15 g) while mixing at room temperature. 
Chloroacetonitrile (8.15 g) dissolved in 60 mL CH3CN was then added dropwise to the 
triazacyclononane solution with vigorous stirring. The reaction was monitored by TLC (10% 
methanol in CHCl3) until a single spot of the trisubstituted amine prevails. The KiC03 was 
filtered off and washed with CH3CN. The solution was then concentrated to half original 
volume and then slowly titrated with ethanol until crystals form. It was allowed to stand 
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overnight. The crystals were collected, washed with ethanol, and allowed to air dry. 
Analysis was performed by Desert Analytics (Tucson, Az). The sample was reported to 
contain 41.58% C, 6.58% H, and 12.50% N. Theoretical calculations based on a total 
molecular weight of 303 yields 47.52% C, 6.93% H, and 13.86% N. 
DOTA was a gift from Professor Carlos F.G.C. Geraldes (University of Coimbra, 
Portugal). 
Dy(III)NOTA and Dy(III)DOTA were prepared by methods previously descnl>ed (61, 
88). In brief, solutions of either DyNOTA or DyDOTA were prepared in water with a 1:1 
metal-to-ligand ratio by mixing appropriate aliquots from stock solutions of lanthanide 
chlorides and DOTA or NOTA. Each mixture was then heated and the pH readjusted to 7.5. 
The HEPES buffer was adjusted to the physiologic pH range with 
tetramethylammonium chloride and used at a 5 mM concentration in all samples to maintain 
the pH. 
111.3.2 Purification of Solvents 
HPLC grade methanol was stored over 4A Linde molecular sieves to remove 
any water. Solvent transfer was accomplished under a nitrogen atmosphere. Acetonitrile was 
purified as described in reference (89). In brief, acetonitrile was refluxed over anhydrous 
aluminum chloride prior to rapid distillation. Secondly, it was refluxed over alkaline 
permanganate prior to rapid distillation. Thirdly, it was refluxed over potassium bisulfate 
prior to rapid distillation. Finally, it was refluxed over calcium hydride prior to fractionation. 
DMSO was purified according to reference (90). In brief, DMSO was dried with 4A Linde 
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molecular sieve and then distilled. 
111.3.3 Preparation of Specific Buffers for es• in RBCs 
To investigate the interaction of Cs+ with each of the intracellular RBC 
components three buffers were prepared (see Table XIV). CsCI buffer A consisted of 10 mM 
CsCl, 140 mM NaCl, 5 mM glucose, and 5 mM HEPES, pH 7.4. CsCI buffer B consisted 
of 10 mM CsCI, 5 mM NaCl, 140 mM KCI, 1 mM CaCl2, 2.4 µM MgCI2, 5 mM glucose, 
and 5 mM HEPES, pH 7.4. This buffer contains the intracellular physiologic cation 
concentrations. CsCl buffer C was similar in composition to buffer B with the addition of 
PVP-100 to adjust the viscosity to 5 cP. 
111.3.4 Preparation of cs• -Loaded RBCs 
Freshly packed RBCs were washed three times by centrifugation at 2000 g for 
4 min, with an isotonic buffer containing 150 mM NaCl and 5 mM sodium phosphate, pH 8 
(5PBS) removing the buffy coat by aspiration. 
Cs+ loading was accomplished by incubation of the washed, packed RBCs at 45 % 
hematocrit and 37 °C from 1 to 12 hrs with 150 mM CsCI, 5 mM glucose, and 5 mM 
HEPES, pH 7.4. The intracellular cs• concentrations varied from 0.59 to 15.0 mM, 
depending on the incubation time used. The cs•-loaded RBCs were then washed and 
resuspended at 27 to 93 % hematocrits in the isotonic buffers as described in the figure 
legends. This is a modified procedure taken from reference 76 in which loading was 
accomplished in the NMR tube during the course of the experiment. Carbonmonoxygenated 
(or deoxygenated) cell suspensions were prepared by exposure of the RBCs samples to CO 
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(or NJ for 10 (or 30) min in septum sealed NMR tubes. 
111.3.S Preparation of Unsealed RBC Membranes 
The unsealed RBC membranes were prepared by washing packed RBCs at 
least three times by centrifugation at 2000 g for 4 min, with 5PBS at 4°C. The plasma and 
buffy coat were removed by aspiration. Cell lysis was accomplished in a hypotonic buffer 
as previously described (91). Briefly, one volume of washed RBCs was diluted four fold with 
5 mM sodium phosphate buffer, pH 8 (5P8 buffer). The RBC unsealed membranes were 
isolated by lysing and washing RBCs several times (at least five times) in 5P8 buffer by 
centrifugation at 38,720g for 8 minutes at 4°C on either a Sorvall RC-SB or a Beckman J2-
21 high speed centrifuge. To the white membrane fragments 10 mM CsCl was added. For 
Cs+-membrane fragments containing DPG, 5.4 mM DPG was added. The membrane 
fragments were then suspended in the desired media prior to analysis. 
IIl.3.6 Preparation of Lysates 
CORBC lysates were prepared by first bubbling intact RBCs with 
carbonmonoxide as described in section 111.3.4 and then repeated rapid freezing in an ethanol 
dry ice mixture and then thawing in a water bath at 37 °C (92). Once the cells were lysed 
the desired concentration of CsCI was added, yielding Cs+ CORBC lysates. 
111.3. 7 Preparation of Hemo2lobin 
Deoxygenated hemoglobin (deoxyHb) stripped of DPG was isolated from 
packed RBCs which were lysed in two volumes of cold distilled water. Purification of Hb 
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was accomplished by passing the dialyzed hemolysate down a Sephadex A-50 column 
suspended in 0.05 M Trizma base, 1.0 mM KCN, adjusted to pH 8.5 with concentrated HCI 
(85). Elution of various hemoglobin fractions were obtained using a pH gradient. Fractions 
containing hemoglobin were bubbled with nitrogen for 30 min prior to analysis by UV/VIS 
at 550 and 430 nm to determine the concentration of deoxyHb (85). Samples containing 
deoxyHb were placed in septum sealed NMR tubes that were previously purged with nitrogen 
to remove any oxygen. Carbonmonoxygenated (or deoxygenated) cell suspensions were 
prepared by exposure of the RBCs samples to CO (or NJ for 10 (or 30) min in septum sealed 
NMR tubes. 
Ill.3.8 Preparation of Vesicles 
Phosphatidylcholine large unilamellar vesicles (LUVs) were prepared by a 
detergent dialytic removal procedure (93). To briefly describe this method, 100 µl of the 10 
mg/mL PC stock solution in CHC)/CH1CH20H was purged with N2 gas to evaporate off the 
solvent. To an aqueous solution of 100 mM NaCl, n-octylglucopyranoside detergent was 
added while vortexing. The detergent solution was then added to the lipid pellet. The sample 
was then transferred into dialyzing tubing. Detergent removal was accomplished by dialyzing 
the sample twice against 2 L of 100 mM NaCl, which was previously purged with N2 gas for 
12 h. At the time of analysis the samples were taken out of the dialysis tubing and 
transferred into septum sealed NMR tubes which were previously purged with N2 gas. The 
resulting vesicles are LUVs with an average diameter of 450 nm (93). 
111.3.9 Preparation of Froe Muscle Tissue 
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The frog sartorius muscle was excised after decapitation. Once removed the 
muscle samples were stored in a buffer containing 10 mM sucrose and 10 mM HEPES at pH 
7.5 until needed. They were then transferred to a modified Ringer solution, which contained 
10 mM glucose, 10 mM HEPES, 119 mM Na\ 3.5 mM K\ 122.5 mM Cr, and the desired 
SR, as previously described (94). Osmolarity was adjusted to 300 mOsm with Ki504• 
111.3.10 Preparation of Ionophore Solutions 
After solvent purification, 5 mM KCl and 5 mM KCI04 stock solutions were 
prepared. Once the desired salt was dissolved in the solvent of choice, an aliquot of the stock 
solution was then added dropwise to the ionophore in powder form, vigorous stirring 
required. The final ionophore concentration was 5 mM. To prevent distortion in the shape 
of the NMR spectrum, it was necessary to ensure that complete solubility of the alkali salts 
and the ionophores was achieved. 
111.4 Data Analysis 
111.4.1 Membrane Potential in Human RBCs 
The membrane potential in RBCs as measured by 19F NMR spectroscopy was 
determined from the following equation: 
where R is the gas constant, T is the absolute temperature, F is Faraday's constant, and 
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values of TFA and TFM are obtained from the peak areas of the 19F NMR resonance (95). 
The membrane potential in RBCs as measured by 31P NMR spectroscopy was 
determined from the following equations: 
where the gravimetrically determined fractional water volume is defined as a. A._ and A_ 
correspond to the peak areas of intra- and extracellular HP, Ht is the hematocrit, and all other 
constants are as described above (96a). 
111.4.2 Cs+ Concentration by mes NMR Spectroscopy 
The concentrations of intra- and extracellular Cs+ were determined from the 
following equations (76): 
[Cs]. = {A., *[Cs)ol/{A0 *Ht} 
[Cs]_ = {Aout *[Cs]0 }/{A0*(l - Ht)} 
where A. and A-. are the peak areas for intra- and extracellular Cs+ resonances, respectively, 
Ht is the bematocrit, [Cs]0 is the concentration of the standard Cs+ solution, and A,, is the 
peak area of the signal from the standard Cs+ solution. 
111.4.3 Cs+ Bindine Constant to DPG 
A plot of lloo.f[Cs+] vs lloba, at pH 7.4, gave a linear graph (r2 = 0.90) and the 
association constant for Cs+ -DPG was calculated from the slope. 
CHAPTER IV 
RESULTS 
The study of anion transport and distribution in human erythrocytes by non-invasive 
and non-destructive NMR spectroscopy has not been fully explored. In this study we have 
tried direct and indirect NMR methods to study chloride transport and distribution in RBes 
suspensions. 
Initial studies on 35el NMR in vivo have been limited by difficulties with resolution 
and visibility. Previous attempts were made to separate the intra- and extracellular 35et 
resonances using paramagnetic SRs in a non-systematic manner. In certain studies, the 
physiology of the system was significantly affected due to the free paramagnetic ion binding 
to the membrane. Addition of paramagnetic metal salts resulted in broadening and shifting 
of extracellular 35er resonance. However, the intracellular 35er resonance in human RBeS 
was shown to be too broad (>200 Hz) to be detected (1). Also, it is well known that er 
exchange is too fast in several biological systems. In our study we conducted experiments in 
a systematic manner to study er in human RBes. 
In this section, we present the results on (a) 35el NMR studies on the effect of various 
ionophores on chloride and perchlorate ion pairing (b) attempts to resolve intra- and 
extracellular 35el NMR resonances in red cells and model systems using paramagnetic shift 
reagents and, (c) indirect 19F and 31P NMR methods using chemical probes to measure chloride 
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distribution in RBes and study the effect of various ionophores on chloride distribution in 
RBC suspensions. 
IV.1 Characterization of Chloride and Perchlorate Ion Pairin& 
IV .1.1 Effect of Various Ionophores on Chloride Ion Pairin& in Methanol 
"Cl NMR spectroscopy was used to measure the er line widths for methanol solutions 
in the presence and absence of K+ complexes of the two subclasses of ionophores. The data 
shown in Table II indicate a greater change in 35Cl NMR line width for samples containing 
the neutral ionophore, Val. Figure VI shows typical 35Cl NMR spectra of Kel in the 
presence of two different types of ionophore. A two fold increase in the 35Cl NMR line width 
was observed for Val with respect to all the carboxylic ionophores. In order to compare the 
results from one solvent to the next, the line widths were corrected by dividing them by the 
solvent viscosity. The trend in Table II for !11111,/'q continues to indicate a higher degree of ion 
pairing for Val compared to carboxylic ionophores (Nig, Mon, and Las). 
IV .1.2 Effect of Solvent on Chloride and Perchlorate Ion Pairin& 
Table III lists the donor numbers and dielectric constants for several solvents. 
Solvents with high dielectric constants and/or donor numbers are expected to inhibit ion 
pairing due to the difficulty in removing the solvent molecules from K+ or ionophores and 
replacing them by er. Tables IV-VIII list the changes in 35el NMR line width in methanol, 
85% acetone-15% op, acetonitrile, and DMSO. These solvents were chosen based on their 
range in dielectric constants and donor numbers. Not all of the ionophores were soluble in 
each of the above solvents as indicated in each table. Overall, the e10.; salts were more 
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Table II. 35Cl line widths for 5 mM KCl with ionophores in methanol*. 
Iono.phore (5 mM) n 
Nigericin 3 
Monensin 3 
Lasalocid 3 
Valinomycin 3 
Nonactin not soluble 
KCl (alone) 3 
~.,Jfu 
60.91 ± 9.47 
53.52 + 3.96 
61.09 + 3.71 
122.2 + 3.39 
30.5 + 1.61 
Af.Jn.Hz/cP 
110.74 
100.98 
103.54 
200.32 
55.45 
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"Line broadening used in the Fourier transformation of 25 Hz was subtracted out. There was 
no change in chemical shift from sample to sample. 
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figure VI. 35Cl NMR Spectra of 5 mM KCI in methanol in the presence of (a) 5 mM Mon 
and (b) 5 mM Val. 
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Table III. Solvent dielectric constants and donor numbers (35). 
Solvent 
water 
Dimethyl Sulfoxide 
Acetonitrile 
N ,N-Dimethylformamide 
Nitro methane 
Methanol 
Acetone 
Pyridine 
Tetrahydrofuran 
Chloroform 
Dielectric Constant 
78.5 
46.7 
37.5 
36.7 
35.9 
32.7 
20.7 
12.4 
7.6 
4.8 
Donor Number 
33.0 
29.8 
14. 1 
26.6 
2.7 
25.7 
17.0 
33.1 
20.0 
4.0 
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Iable IV. 35Cl line widths for 5 mM KCl04 with ionophores in methanol.• 
I.on®hore (5 mM) n .Al._.,/Hz AEinln.Hz/cP 
Nigericin 3 9.11 + 4.76 14.23 
Monensin 3 11.18 + 2.16 19.61 
Lasalocid 3 12.25 + 0.76 23.56 
Valinomycin 3 15.56 + 1.06 28.29 
Nonactin not soluble 
KCl04 (alone) 3 12.95 + 0.22 22.72 
•Line broadening used in the Fourier transformation of 5 Hz was subtracted out. There was 
no significant change in chemical shift from sample to sample. 
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Iable y, '~Cl line widths for 5 mM KCI with the ionophores in 85% acetone-15% 0 20. 
Referenced to Saturated KCI in 0 20. • 
Iono.phore (5 mM) n k.,J!il AfonhJ.Hz/cP 
Nigericin 3 73 + 8.31 67.59 
Monensin not soluble 
Lasalocid 3 64 + 2 50.39 
Valinomycin 3 77.49 + 7.99 78.27 
Nonactin 3 80.40 + 9.91 63.81 
KCI (alone) 1 73.94 62.56 
"Line broadening used in the Fourier transformation of 25 Hz was subtracted out. There was 
no significant change in chemical shift from sample to sample. 
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Iable VI. "CI line widths for 5 mM KCl04 with ionophores in acetonitrile. Referenced to 
KC104.-D20. • 
Ionophore (5 mM) n _AL.,/Hz .4l'>i/n.Hz/cP 
Nigericin 3 2.91 + 1.22 8.10 
Monensin not soluble 
Lasalocid 3 2.48 + 0.92 6.53 
Valinomycin 3 5.04 + 2.47 13.26 
Nonactin not soluble 
KCl04 (alone) 3 3.50 + 0.45 12.96 
'Line broadening used in Fourier transformation of 5 Hz was subtracted out. There was no 
significant change in chemical shift from sample to sample. 
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Table VII. 35Cl line widths for 5 mM KCIO, with the ionophores in DMSO. Referenced to 
KCIO,-Dp." 
Ionophore Il ~.,/Hz ~'h/11.Hz/cP 
Nigericin not soluble 
Monensin not soluble 
Lasalocid 3 1.57 + 0.83 0.77 
Valinomycin 3 3.59 + 1.25 2.87 
Nonactin 3 7.43 + 1.74 3.57 
KCIO, (alone) 3 6.23 + 2.19 2.84 
"Line broadening of 5 Hz used in Fourier transformation was subtracted out. There was no 
significant change in chemical shift form sample to sample. 
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soluble than the er salts. As shown in Tables II and IV-VIII, each of the line width readings 
are corrected for viscosity. After viscosity correction, the "Cl NMR line widths for Clo,· 
in the presence of Val are 16 - 50% larger than for Las, Nig, or Mon in methanol. The line 
broadening induced by Val in methanol was larger for Cr than for Clo,·. As shown in Table 
V, Cr in the presence of Val exhibits a slightly larger line width than in the presence of the 
other ionophores in 85% acetone-15% 0 20. Table VI lists the 
35Cl NMR line widths for 
c10; in acetonitrile. Val was the only neutral ionophore soluble in acetonitrile. A larger line 
width reading was also observed for Val in acetonitrile compared to the carboxylic 
ionophores. Table VII lists the line widths for Clo,· in DMSO. Both Val and Non have 
larger line widths than Las. 
Figures VII and VIII show the effect of donor number on the 35Cl NMR line widths 
for er and CIO;, respectively, for each of the ionophores. As the donor number of a 
solvent increases the solvated ions more strongly feel the effect of the solvent and ion pairing 
is expected to be minimized. Val was the only ionophore to yield an increase in KCI line 
width with an increase in donor number (Figure VII). Val induces the largest 35CI line width 
for Clo,· over a range of donor numbers (Figure VIII). Figures IX and X show the effect 
of dielectric constant on the 35Cl NMR line width for KCI and KCIO,, respectively, for each 
of the ionophores. Similar trends as shown in Figures VII and VIII are observed. Val and 
Non have the largest effect on KCI and KCIO, line widths over a range of dielectric constants. 
Several other solvents were tried, such as pyridine, chloroform, and THF. The insolublity 
of the K+ -ionophore somplexes prevent ion pairing studies in these solvents. 
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Figure YU. 35Cl NMR KCl Line Widths versus Donor Numbers for Different Ionophores with 
KCI in methanol (DN = 25. 7) and acetone-DP (DN = 19.4). The plotted line widths are 
not viscosity corrected. 
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figure VIII. 3sCI NMR KCI04 Line Widths versus Donor Numbers for Different Ionophores 
with KCl04 in acetonitrile (DN = 14.1), methanol (DN = 25. 7), and DMSO (DN = 29.8). 
The plotted line widths are not viscosity corrected. 
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Figure IX. 3'CI NMR KCI Line widths versus Dielectric Constants for Different Ionophores 
with KCI in methanol (DE = 32. 7) and acetone-DP (DE = 29.4). The plotted line widths 
are not viscosity corrected. 
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Fi~re X. 3~Cl NMR KCIO, Line Widths versus Dielectric Constants for Different Ionophores 
with KC104 in acetonitrile (DE = 37.5), methanol (DE = 32.7), and DMSO (DE = 46.7). 
The plotted line widths are not viscosity corrected. 
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IV.1.3 Perchlorate Ion Pairin1: FT-IR Results 
For a given ionophore and solvent, the 35Cl NMR line widths for Cr are broader than 
for Cl04- (Figures VII and VIII). Ff-IR data were recorded for the ionophore samples 
containing perchlorate. The wavelength region from 1600-600 cm·• was scanned. 1be wave 
length at 1130 cm·• corresponds to the stretching frequency band ,,3_ Coordination of KC104 
splits this band into two new bands at 1150 and 1120 cm·• (35). The symmetry changes from 
tetrahedral to C3v or Clv depending on whether perchlorate binds in a monodentate or bidentate 
fashion. Figures XI-XIII show the Ff-IR spectra of (a) methanol, (b) KC104 in methanol, 
(c} 5 mM Val in methanol, (d) 5 mM Las in methanol, (e) 5 mM KC104 with 5 mM Val in 
methanol, and (f) 5 mM KCJQ4 with 5 mM Las in methanol. All spectra were recorded in 
the absorbance mode. Figure XIV was obtained by a series of spectral additions and 
subtractions as follows, a + e - b - c for Val and a + f - b - d for Las. Using this series 
of spectral manipulations, only the absorbance due to a change in symmetry of the perchlorate · 
remains. In Figure XIVg, the singlet at 1130 cm·• has split into two bands as a result of the 
change in symmetry due to the coordination of the CIO;. In Figure XIVh, a singlet remains 
indicating that the symmetry of the c104- has not changed. 
IV .1.4 Effect of Cation on Ion Pairin1 
Table VIII lists the 7Li+, 23Na+, and 133Cs+ chemical shifts and line widths for solutions 
containing LiCl, NaCl, or CsCl in the presence and absence of Val or Las. The 
corresponding 35Cl NMR spectrum was also recorded for each (Table VIII). The largest effect 
was observed for samples containing CsCl with over a six fold increase in 133Cs + NMR line 
width for samples containing Val in place of Las. Of the LiCl samples those containing Val 
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Figure XI. Ff-IR Spectra of (a) Methanol and (b) 5 mM KCI04 in methanol. 
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Fi~re XII. FT-IR Spectra of (c) 5 mM Val and (d) 5 mM Las in methanol. 
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fi~re XIII. Ff-IR Spectra of 5 mM KCIO. with (e) 5 mM Val and (f) 5 mM Las in 
methanol. 
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Figure XIV. FT-IR Resulting Spectra after addition and subtraction (g) Val and (h) Las. 
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Table YIII. Effect of Alkali Metal Cations on Ion Pairing Ability of Ionophores in Methanol. 
Sample' Metal NMR Chemical Shift"/ppm "Cl NMR 
Line Width/Hz Line Width"/Hz 
Cs Cl 6.3 -42.0 97 
CsCl + val 63.2 -12.4 117 
CsCl + las 9.5 -14.7 97 
NaCl 20.5 -2.6 91 
NaCl + val 81.5 -2.9 114 
NaCl + las 104 -3.2 94 
Li Cl 24.7 1.70 97 
LiCl + val 53 1.72 98 
LiCI + las 36 1.85 101 
'Samples were prepared by dissolving each salt in methanol to a final concentration of 5 mM. 
Ionophores were added to the salt solutions to yield a final concentration of 5 mM. "Samples 
containing CsCI were referenced to 0.15 M CsCI-020, those containing NaCl were referenced 
to 0.10 M NaCl-020, and those containing LiCI were referenced to 0.15 M LiCl-020. The 
133Cs+, 23Na+, and 7Li+ NMR spectra were recorded twice and the average is reported. Errors 
in chemical shifts are less than 1.0 ppm and less than 1.0 Hz for line width measurements. 
All 35CJ NMR spectra were recorded with an n = 1. 
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had 'Li+ NMR line widths approximately 25% larger than those samples containing Las. 
For the NaCl samples however, Las was found to have a 23Na+ NMR line width larger than 
Val. The 35CI NMR line widths for NaCl and CsCI were found to be larger for samples 
containing Val as opposed to Las. The extremely low selectivity for Li+ by both Val and Las 
(Table I) is evident from the 35CI NMR line widths for LiCI in the presence of either Val or 
Las. The LiCI 35CI NMR line widths for Las and Val are approximately the same. 
IV .1.5 Effect of pH on Ion Pairin2 
The effect of pH on the 35CI NMR line widths for samples containing Val or Mon 
in methanol was investigated. By lowering the pH, the carboxylic group of Mon was 
protonated. The 35CI NMR line width for Mon changed from 53.5 Hz (pH = 7.5) to 101 Hz 
(pH = 2.90). The 35CI NMR line width for Val changed from 122 Hz (pH = 7.6) to 111 
Hz (pH = 2. 91). In the case of Mon, the lowering of pH resulted in protonation and thereby 
formation of a neutral ionophore. Complexation with K+ resulted in an ionophore-cation 
complex with an overall charge of + 1. This in turn enhances the ability of the Mon-K+ 
complex to ion pair with er. The reported values represent an average of two measurements. 
IV .2 Cr Distribution in Bioloeical Systems 
IV.2.1 Shift Re32ent Method 
2.1.1 Lanthanide Shift Re32ents 
The efficacy of the dysprosium (III) complexes of ligands shown in Figure XV as shift 
reagents for 35Cr NMR resonances was tested. In these experiments, the shift reagent 
concentration varied from 3 to 100 mM and the er concentration was 5 mM. The pH was 
held constant at 7 .5. The 35Cr shifts are plotted against the stoichiometric mole ratio of shift 
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Figure XV. Ligand Structures of Shift Reagents Used in this Study 
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reagent to Cr, p, in Figure XVI for Dy(PPP)t, Dy(ITHAl, and Dy(NOTA). All shift 
reagents induced downfield shifts from the NaCl reference. In the cases of Dy(PPP)t and 
Dy(TTHA}3", the 35Cl" shifts induced decrease as p increases, suggesting an increase in 
electrostatic repulsion between the negative charge on the complex and the er ion. For 
Dy(NOTA), the 35CI NMR chemical shift continues to increase with an increase in rho as a 
result of the neutral charge of this SR and the lack of electrostatic repulsion with the er. The 
35Cl" shifts for Dy(DPA), Dy(DTPA)2-, and Dy(DOTA)" at a p = 0.5 were 3.5, 3.8, and 
3.7 ppm. These shifts were not very different from those observed with Dy(NOTA) or 
Dy(PPP)i'°. The 35CI shifts induced by other lanthanide complexes of TTHA were also 
investigated and are shown in Table IX. Of the TTHA complexes, Dy(III) and Tb(lll) 
complexes of TTHA induced the largest 35Cl" shifts. The larger ~v'h of the Th{III) hinders 
its use as a SR. The observed 35Cr shift data for all the Ln(TTHA)'" were analyzed for 
contact and pseudo contact contributions. The observed chemical shift can be analyzed by the 
following equation for contact and pseudo contact contributions: 
o = F(SJ + G(C°) 
where F and G are ligand dependent parameters and Sz and C0 are lanthanide dependent 
parameters (61). Table X shows the data in terms of the above parameters. The data shown 
in Table X were plotted by two different methods (a) O/C0 vs S/C0 and (b) O/Sz vs e0 /Sz. 
The absence of linearity in the plots (data not shown) failed to generate contact and pseudo 
contact contributions. 
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Figure XVI. Rho Plots for Dy('ITHA)3-, Dy(PPP)/°, and Dy(NOTA) 
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Table IX. 3~Cr NMR Chemical Shifts of Lanthanide TTHA Complexes. The SR concentration 
was 0.1 M and the er concentration was 0.5 M. Chemical shift was measured relative to 2.5 
M NaCl-020. The reported NMR parameters represent the average of measurments 
conducted on two separately perpared samples. 
Lanthanide Chemical Shift/ppm Line Width/Hz 
Lanthanum 0.7 67.2 
Praseodymium 3.5 64.l 
Neodymium 4.4 69.3 
Samarium 3.2 68.2 
Europium 4.0 62.3 
Gadolinium 10.8 81.8 
Terbium 21.4 94.7 
Dysprosium 19.2 77.1 
Holmium 16.9 69.7 
Erbium 17.2 56.8 
Thulium 7.5 46.8 
Ytterbium 5.0 55.9 
Lutetium 4.3 39.l 
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Table X. Pseudo Contact and Contact Contributions of Lanthanide TIHA Complexes, as 
Measured by 3~CI Chemical Shifts. 
TTHA Complexes 
of Lanthanides o' CDb Sb z 
La 0.000 
Pr 1.999 -10.99 2.97 
Nd 2.379 -4.15 4.49 
Sm 0.175 -0.70 -0.063 
Eu 1.774 4.05 -10.68 
Gd 8.140 0 -31.50 
Th 24.721 -85.26 -31.50 
Dy 16.086 -100 -28.55 
Ho 16.121 -39.39 -22.63 
Er 13.593 -32.41 -15.37 
Tm 5.823 52.41 . -8.21 
Yb 3.124 21.54 -2.59 
'Shifts reported are corrected for diamagnetic contribution by subtracting the contribution of 
La from the reported chemical shifts. ~aken from reference 61. 
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2.1.2 Transition Metal ShiO Reru:ents 
Several transition metal complexes were also tested as possible er SRs. The 35er 
shifts induced by eo(II) and Ni(II) solutions were measured. Figure XVII illustrates a plot 
of 35er shifts as a function of varying eo(II) or Ni(II) concentration. In general, the induced 
shifts are larger as the concentration increases. The shifts induced by eo(II) are much larger 
than those induced by Ni(II). It is evident from Figure XVII that Co(II) shift potency is 3-
5 times greater than that of Ni(II). The line widths at half height (L1v.,J are plotted as a 
function of Co(II) and Ni(II) concentrations in Figure XVIII. 35er resonances in the presence 
of Ni(II) are much less broadened than in the presence of eo(II). However, based on shift 
potencies and line width data it was decided to use eo(II) in the concentration range of 10-
20 mM for biological applications. 
Table XI shows the data on 35er chemical shifts and line widths obtained in the 
presence of eo(acac)2, vitamin B12 , and Cobinamide. The 35er shifts induced by the above 
complexes are much smaller than those obtained with free eo(II). Of the three complexes, 
eo(acac)2 at concentrations of 15-20 mM induces 35CI" shifts which may be useful for 
biological applications. The inorganic complexes of eo(II), eoEDTA, eoDTPA, and 
eODPA, were also tested as possible 35Cr SRs. Table XII shows the reagents tested and the 
shifts obtained. 
2.2 Application of SR Method to Detect Intra- and Extracellular er in 
Bioloeical Systems 
2.2.1 Vesicle Systems 
Figure XIX depicts the discrimination of intra- and extracellular Cr in phospholipid 
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fi~ure XVII. 35Cl NMR Chemical Shifts versus Concentration for Co(II) and Ni(II). The 
chloride form was used for each salt. The salt concentrations varied from 3 - 100 mM for 
each and [Cr] was 20 mM. The salts were prepared in 50 mM HEPES, pH 7.4. 3'Cr NMR 
chemical shifts were referenced to 0. 15 M NaCl in op. 
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Fi~re XVIII. 3'Cl NMR Line Widths versus Concentration for Co(II) and Ni(II). Same 
experimental conditions as for Figure XVIII. 
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Table XI. 3~Cl Chemical Shifts and Line Widths in the Presence of Co(acac)2, vitamin B12, and 
Cobinamide. 
Complexes p' O/ppm .1.v~/Hz 
10 mM CoCl2 0.5 17.2 129 
Co(acac)2 0.05 0.81 36.87 
0.10 2.70 75.25 
0.15 4.83 102.60 
0.20 7.30 146.80 
0.25 8.90 171.40 
vitamin B12 0.30 4.10 16.00 
0.50 3.90 20.20 
0.60 5.00 28.00 
0.75 5.40 37.00 
Cobinamide 0.30 3.10 21.00 
0.50 3.20 19.23 
0.60 3.50 25.04 
0.75 3.90 23.20 
1.00 4.00 32.42 
•The chloride concentration was maintained at 100 mM for Co(acac)2 and 20 mM for vitamin 
B12 and cobinamide. The concentration of Co(acac)2 ranged from 5-25 mM while the 
concentration of vitamin B12 and cobinamide ranged from 6-20 mM. 
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Table XII. 35CI Chemical Shifts and Line Widths in the Presence of CoEDTA, CoDTPA, and 
CoDPA at Various Concentrations. 
Complex O/ppm 
10 mM CoEDTA 2.44 38 
10 mM CoDTPA 2.70 16 
15 mM CoDTPA 5.13 19 
20 mM CoDTPA 5.67 23 
10 mM CoDPA 2.70 15 
15 mM CoDPA 4.76 23 
20 mM CoDPA 6.48 36 
The reported data represents an average of two measurments. The er concentration was 
twice the SR concentration in each sample. 
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Figure XIX. 35Cl NMR Spectra of (a) NaCl LUVs, (b) 20 mM CoCl2, and (c) NaCl LUVs 
+ 20 mM CoCl2• The CoC12 suspension was prepared by adding 10 mM HEPES and glucose 
to adjust the final osmolarity to 200 mOsm. 
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vesicles upon incorporation of 20 mM CoCl2 in the suspension medium. The assignments 
of intra- and extracellular resonances were based on the sample replacement technique. This 
involved removing the vesicle sample from the NMR spectrometer, inserting the NaCl-DP 
reference, increasing the number of transients, and then resuming acquisition. The spectrum 
of the NaCl reference is added on top of the extracellular er resonance in the vesicle 
spectrum. The CoCl2 peak shifts in the presence of the LUVs. It was also noticed that the 
vesicles themselves average a 4-5 ppm shift from the NaCl-DP reference. 
As the Co(II) interacted with the membrane less Co(II) was available to shift the 
extracellular er. To further test this conclusion, LUVs were prepared in a 100 mM NaN03 
dialyzing medium. If the CoCl2 chemical shift decreased upon addition of the LUVs prepared 
in NaN03, then the decrease in shift could be attributed to a membrane interaction. This is 
because both NaCl and NaN03 LUVs have the same membrane composition. If on the other 
hand the decrease in chemical shift for the NaCl LUVs was due to saturation of the shift 
reagent caused by er leaking from the vesicle, the NaN03 LUVs should not have exhibited 
any decrease in chemical shift since these vesicles are er free. 
It was found that the chemical shift decreased form 25.9 to 11.6 ppm in the presence 
of the NaN03 vesicles. This further supports the conclusion that Co
2
• is interacting with the 
membrane. This interaction with the membrane renders the use of CoCl2 an unacceptable SR. 
Although the CoCI2 gave large enough shifts to discriminate the two Cr pools, its binding to 
the membrane renders it an undesirable choice. Co(acac)2 was then tested as a possible 3'CI 
NMR shift reagent. 
From the rho plot, Table XI, 20 mM was chosen as the ideal concentration for 
Co(acac)2 giving a shift of 7.3 ppm. The concentration of 25 mM gave a 35CI NMR shift of 
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8.9 ppm, but the line width was 171.4 Hz compared to 147 Hz for 20 mM eo(acach. As 
the line width increases, the extracellular er peak overlaps with the intracellular peak for 
shifts less than 10 ppm. 
From Figure XX, the chemical shift of 20 mM eo(acac)2 decreased from 37.9 to 27.1 
ppm in the presence of the LUVs. The stability constant for eo(acach is 5.4 at 25 °e (97). 
A similar decrease was observed for eo(acac)2 when added to vesicle prepared in NaN03• 
It was hoped that eo(II) would not interact with the membrane since it was complexed to the 
acetylacetonate ligand. The low stability constant of eo(acac)2, however, allows for 
dissociation of the complex and binding of free eo2+ to the membrane. 
Dy(NOTA) and Dy(TTHA)'" were also tested as 3ser SRs to discriminate intra- and 
extracellular er in vesicles. Dy(NOTA) at 19 mM exhibited a shoulder for the intracellular 
peak, whereas Dy(TTHA)'" did not show any signs of resolution for intra- and extracellular 
er in vesicles. Thus, it was not possible using either Dy(NOTA) or Dy(ITHA)'" to clearly 
resolve intra- and extracellular er resonances. 
2.2.2 Fro2 Lei: Muscle 
Frog sartorius muscles were added to modified Ringer solutions containing 25 mM 
Dy(TTHA),_ and 122.5 mM er. Frog sartorius muscles exhibit high intracellular chloride 
concentrations. The ease of dissection and experimental procedures makes it a promising 
system for studying chloride distribution. In addition, sartorius muscle er transport pathways 
are similar to those observed in human RBes. However, reproducible separation of intra- and 
extracellular 35el NMR resonances was not observed. 
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Figure XX. 35Cl NMR Spectra of (a) NaCl LUVs, (b) 20 mM Co(acac)1 , and (c) NaCl LUVs 
+ 20 mM Co(acac)1• 
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2.2.3 ~ 
After 3 washings in PBS buffer, intact RBCs were suspended directly into 20 mM 
CoCl2• Discrimination between intra- and extracellular Cf was not possible. Sykes et al. (1) 
had shown that intracellular Cr in human RBCs is not visible by 35Cl NMR spectroscopy due 
to the extreme broadening caused by the binding of er to hemoglobin. Recently, Boulanger 
et al. (59) have reported observing 40% visibility of intracellular Cr in dog erythrocytes. I 
was unable to observe intracellular er in packed human RBCs. Recently, it was also reported 
that the enzyme superoxide dismutase in RBCs was responsible for broadening intracellular 
F resonances (98). As reported by Scarpa et al. (98a) the contribution of paramagnetic Cu(ll) 
in superoxide dismutase in RBCs towards 19 F NMR line broadening disappeared by incubating 
RBCs in 10·2 M diethyldithiocarbamate (DOC). Figure XXI displays the spectra of (a) DOC 
treated and (b) untreated packed RBCs at 95% Ht which were bubbled with·CO. By bubbling 
with CO, diamagnetic CO-hemoglobin was formed which removed any paramagnetic line 
broadening. After washing both samples used in Figure XXI with isotonic NaN03 buffered 
to pH 7.4, the 35CI NMR spectra were obtained. No 35Cl resonance was observed in either 
case suggesting that the 35CI resonance obtained in Figure XXI may be due to trapped er. 
Alternatively, fast Cl"-N03- exchange may have depleted the intracellular CL The 
observation of intracellular er resonance in human RBCs by 35CI NMR remains elusive. 
IV.2.3 1'F NMR Method 
The direct determination of er distribution in human RBC suspensions is not 
attainable by 35Cl NMR spectroscopy because of the inability to distinguish between intra- and 
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Fi~re XXL 35Cl NMR spectra of (a) DDC treated and (b) untreated packed RBCs. Packed 
RBCs were incubated with 10·2 M DDC at 37'C for 1 hr. 
A 
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extracellular er resonances. The intracellular 3$Cr resonance in human RBC is subject to 
considerable line broadening due to Cr binding to hemoglobin (1). 19F NMR spectroscopy, 
however, provides an indirect way to monitor Cr distribution in RBC suspensions (95). The 
TF A and TFM distribution ratios in RBC suspensions obtained from the 19F NMR spectra 
were used to calculate the membrane potential (95). TFA probed er distribution whereas 
TFM measured cell volume changes induced by the ionophore. Because er distribution is a 
major determining factor of membrane potential in human RBC suspensions (95, 99), the 
steady state TF A distribution is a measure of RBC membrane potential. 
Figure XXII shows typical 19F NMR spectra for human RBC suspensions in the 
presence and absence of ionophores. The changes in TF A ratios with increasing ionophore 
concentrations are shown on Table XIII. The TFA ratio decreased from a value of 0.19 for 
RBC suspensions in the absence of ionophore to 0.11 for RBCs incubated with either 0.002 
mM Val or 0.005 mM Non. Only at very high concentrations (>0.050 mM) of carboxylic 
ionophores did the TF A ratio changed appreciably. The TFM ratios shown on Table XIII 
indicate that the cell volume decreased with increasing ionophore concentration. Val and Non 
caused large decreases in cell volume whereas the carboxylic ionophores only induced cell 
volume changes at high ionophore concentration. Cell volume changes in the presence of 
increasing concentrations of Val are in agreement with those previously published (100). It 
is clear from Table XIII that the changes in TF A ratios are twice as great as changes in TFM 
ratios, indicating that the changes in Em are not just due to volume changes. 
The time dependence of Cr distribution was also monitored using 19F NMR 
spectroscopy in the presence and absence of ionophores. No appreciable time dependence of 
er distribution was observed (data not shown). er distribution occurs too rapidly for the 
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Figure XXII. 19F NMR spectra. (A) RBCs suspended at 45% Ht in 140 mM NaCl, 10 mM 
glucose, 2 mM TFA, 2 mM TFM, 10 mM HEPES, pH 7.4. (B) RBC suspension as in A with 
0.005 mM Val. (C) RBC suspension as in A with 0.020 mM Mon. 
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Table XIII. 19F NMR Data of RBCs in the Presence and Absence of lonophores• 
Sample TFA;,/TFA-. TFM;,/TFM-. E,jmV 
RBC control 0.19 0.27 -9.4 
Val 0.001 mM 0.15 0.25 -12.9 
0.002 mM 0.11 0.20 -16.2 
0.005 mM 0.09 0.20 -21.2 
Non 0.001 mM 0.17 0.26 -10.6 
0.002 mM 0.14 0.24 -14.7 
0.005 mM 0.11 0.22 -17.8 
0.010 mM 0.09 0.20 -20.6 
Mon 0.020 mM 0.17 0.25 -9.5 
0.050 mM 0.16 0.25 -11.8 
0.100 mM 0.14 0.24 -13.4 
0.200 mM 0.13 0.24 -16.7 
0.3000 mM 0.11 0.23 -18.6 
Las 0.020 mM 0.18 0.26 -11.3 
0.050 0.17 0.26 -11.3 
0.100 0.17 0.26 -11.3 
0.200 0.17 0.27 -11.8 
Nig 0.020 mM 0.17 0.26 -9.9 
0.050 mM 0.17 0.26 -10.8 
0.200 mM 0.17 0.27 -11. 7 
'The reported NMR parameters are an average of 3 separately prepared samples. Variations 
in TFA and TFM ratios are less than 0.02 where as the errors for the Em values were less 
than 0.5 mV. 
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NMR time scale (37). The steady-state TFA and TFM ratios were therefore used to calculate 
the membrane potentials, Em, in the presence and absence of ionophores (fable XIII). The 
31P NMR HP indicator (96a) was also used to determine the Em in human RBC suspended at 
45% Ht in 140 mM NaCl, 10 mM glucose, 15 mM HP, and 10 mM HEPES, pH 7.4 in 
presence and absence of some ionophores. RBC suspensions in the absence of ionophores 
yielded Em values of -9.6 mV (n = 3) with an average a value of 0.66. The addition of 
0. 001 mM Val yielded an Em value of -14.1 m V with an a = 0. 73 (n = 3) whereas the 
addition of 0.02 mM Mon yielded an Em value of -9.4 mV with an a = 0.64 (n = 3). 
These Em data are consistent with those shown in Table XIII. A decrease in the intracellular 
[Cll concentration, measured with an Orion er electrode (100b), was found in the presence 
of 0.005 mM Val but not with 0.100 mM Mon (data not shown). The er electrode results 
indicate that the ionophore-induced er transport is therefore independent of the method used 
for measuring erdistribution. 
To determine the mechanism of ionophore-induced Cr transport, RBes were treated 
with the RBe anion exchange inhibitor DIDS and the er distribution was measured by 19F 
NMR spectroscopy (95). RBCs were preequilibrated with 2 mM TFA and 2 mM TFM, and 
then incubated with 0.05 mM DIDS for 20 minutes prior to obtaining 19F NMR spectra. We 
tested the activity of DIDS separately by incubating packed RBCs with 0.05 mM DIDS for 
20 min prior to resuspension in the isotonic medium containing TF A and TFM; the influx of 
TF A measured by 19F NMR in the presence of DIDS was much slower than in its absence, 
agreeing with the observations reported for the anion exchange inhibitor SITS (95). In the 
absence of ionophore the membrane potential measured by 19F NMR (-9.4 mV, n=2) for 
DIDS treated RBes did not change within one hour and was the same as for DIDS untreated 
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RBes (Table XIII). The presence of 0.005 mM Val increased the er distribution ratio in 
DIDS-treated RBes to -21.2 mV (n = 2) after one hour suggesting that the observed er 
transport is due to an ionophore-specific effect. DIDS-treated RBes in the presence of 0.10 
mM Mon, however, exhibited no appreciable change in membrane potential after one hour 
(Em = -14.8 ; n = 2). The intracellular pH in RBes did not change upon incubation with 
ionophores as revealed by 31P NMR measurements (101). The intracellular pH was found to 
be 7.18 + 0.04 before and after treating RBes with ionophores. These results agree with 
those obtained by Hladky and Rink (31) for RBes treated with Val using fluorescence 
spectroscopy. The mechanism of ionophore-induced er transport does not involve anion 
transport via the band 3 protein or H + exchange across the human RBe membrane. 
Riddell et al. (60) reported that Val had no significant effect on the rate of er 
transport across phosphatidyl choline vesicle membranes. They measured the rate of er 
transport in vesicle suspensions by monitoring the changes in the peak areas of the 
intravesicular 35el NMR resonance; the extravesicular 35el NMR signal was broadened by 
Mne12 present in the suspension medium (60). The effect of the presence of Mne12 on the 
membrane potential of human RBe was measured by 19F NMR. Addition of 2.5 mM Mne12 
to an RBe suspension pretreated with 2 mM TF A and 2 mM TFM gave a steady-state Em 
value of + 1.0 mV after 30 min. Addition of 0.001 mM Val to the Mnel2-containing RBe 
suspension gave a steady-state Em value of -9.9 mV, which is approximately the Em value for 
an RBe suspension in the absence of Mne12 and Val. In contrast, the steady-state Em value 
for a Mnel2-free RBe suspension incubated with 0.001 mM Val was -12.9 mV. 
IV.3 Resolution oflntra- and Extracellular 133es NMR Resonances in the Presence and 
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Absence of SRs. 
Figure XXIII shows the 133Cs NMR spectra of Cs+ loaded CORBCs suspended in a 
Cs+ medium without SR (Figure XXIIIA), or containing Tm(DOTPt (Figure XXIIIB), 
Dy(TTHA)3° (Figure XXIIIC) or Dy(PPP)/° (Figure XXIIID). We made the assignment of 
intra- and extracellular 133Cs resonances in SR-free RBC suspensions (Figure XXIIIA) by 
observing the changes in peak areas during Cs+ loading, as previously reported (76). As 
shown in Figure XXIllA, the intra- and extracellular 133Cs+ NMR resonances were resolved 
without the incorporation of a SR with the extracellular resonance being. upfield. For the 
samples containing SR, we made peak assignments by centrifuging and separating the 
extracellular suspension from the Cs+ loaded RBCs. The 133Cs chemical shifts were recorded 
for the SR-containing media alone (no RBCs) and were approximately the same as for the 
extracellular resonance in the RBC suspension. Upon incorporation of either SR, 
Tm(DOTP)s-(Figure XXIIIB), Dy(TTHA)3- (Figure XXIIIC) or Dy(PPP)/° (Figure XXIIID), 
in the Cs+ -containing suspension medium, the extracellular 133Cs + NMR resonance was shifted 
downfield. The largest down field shifts of the extracellular 133Cs + resonance were observed 
in Cs+ -loaded RBC suspensions containing Tm(DOTP)s- in the medium. 
Trans membrane Cs+ distribution ratios were measured for Cs+ -loaded RBCs suspended 
in a Cs+ -containing medium at 37 °C over a 4 h period. We found that a steady-state 
trans membrane Cs+ distribution was reached after 3 h of incubation time. The steady-state 
Cs+ distribution ratio ([Cs+l0 /[Cs+J0uJ across the RBC membrane was approximately the same 
(0.27 + 0.01) in the presence and absence of Tm(DOTPt or Dy(TTHA)3-. However, the 
Cs+ distribution ratio observed in Dy(PPP)/--treated RBC suspensions (as is apparent from 
relative peal areas shown in Figure XXIIID) was significantly higher than those observed in 
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Figure XXIII. 133Cs NMR spectra. (A) Cs+ -loaded CORBCs resuspended at 33 % hematocrit 
in an isotonic medium containing 10 mM CsCl, 140 mM NaCl, 5 mM glucose, and 5 mM 
HEPES, pH 7.4. Initial concentrations were [Cs+lm = 4.5 mM; [Cs+]_ = 5.1 mM. (B) 
Similar RBC suspension as in A at 40% hematocrit, except that 5.0 mM Tm(DOTP)5°replaced 
25 mM NaCl in the medium. Initial concentrations were [Cs+]., = 2.5 mM, [Cs+]_ = 5.3 
mM. (C) Similar RBC suspension as in A at 33 % bematocrit, except that 5.0 mM 
Dy(TTHA)3° replaced 15 mM NaCl in the medium. Initial concentrations were [Cs+lm = 4.1 
mM, [Cs+]out = 7.9 mM. (D) Similar RBC suspension as in A at 45% hematocrit, except 
that 5.0 mM Dy(PPP)i'° replaced 50 mM NaCl in the medium. Initial concentrations were 
[Cs+lm = 6.1 mM, [Cs+l- = 5.8 mM. Each spectrum was recorded in 1000 transients in 
a septum sealed NMR tube bubbled with moist CO gas. The symbols i and o denote intra-
and extracellular 133Cs + NMR resonances. The spectra are referenced relative to a sample of 
0.15 M CsCl in DP which was measured separately.Cs+-loaded RBCs suspended in 
Tm(DOTP).s- or Dy(TTHA)3--treated media or in SR-free medium. 
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Cs+-loaded RBCs suspended in Tm(DOPT).s-- or Dy(TTHA)3°-treated media, or in SR-free 
medium. 
IV.4 Contribution of Cs+ Bindine to Intracellular Phosphates. Hemoelobin, and Cell 
Membrane To the Intracellular mes+ Shift 
We used three media to study the contribution of the intracellular RBC components 
at concentrations close to the physiologic values (102) to the intracellular 133Cs+ chemical shift 
(Table XIV). The composition of the media is indicated in the footnote to Table XIV. Buffer 
A had the same composition as did the suspension medium used in Figure XXIIIA. Buffer 
B contained competing intracellular cations, and buffer C, in addition to competing 
intracellular cations, had its viscosity adjusted with PVP-100 (103) to approximately 5 cP to 
mimic that of the intracellular RBC compartment (84). Table XIV shows that the chemical 
shift of the mes+ NMR resonance was at least 0.8 ppm for physiologically relevant 
concentrations of DPG in buffer A. In contrast, the mes+ NMR shifts in the presence of 
typical RBC concentrations of ATP, ADP, Pi, and COHb were approximately 57, 28, 27, and 
28 % , respectively, of those observed with DPG in buffer A. 
To determine whether the large Cs+-DPG shift was simply due to the high DPG 
concentration relative to that of other intracellular components, we also measured the 133Cs 
NMR chemical shifts for each intracellular component at the same concentration (2 mM) in 
buffer A. The observed shifts were 0.46, 0.25, 0.75, 0.36, and 0.24 ppm for ATP, ADP, 
DPG, Pi, and COHb, respectively. These values were comparable to those measured in buffer 
A for each of the intracellular components at known physiological RBC concentrations (see 
Table XIV). The downfield shift of the 133Cs+ NMR resonance observed in the presence of 
Table XIV. 133Cs Chemical Shift Dependence on the Intracellular Components. 
Sample 
2.0 mM ATP 
0.2 mM ADP 
5.4 mM DPG 
1.0 mM P; 
o C33Cs)/ppm 
2.7 mM COHb' 
Buffer Ab 
0.46 
0.23 
0.81 
0.22 
2.02 
Buffer Be 
0.43 
0.23 
0.81 
0.27 
2.10 
Buffer Cd 
0.46 
0.33 
0.83. 
0.27 
2.11 
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0Shifts are reported relative to a reference sample of 0.15 M CsCl in D20 placed in a spinning 
10 mm NMR tube and measured separately. The reported values represent an average of 
measurements conducted in three separately prepared samples. Errors are less than 0.05 ppm. 
bCsCl buffer A consisted of 10 mM CsCl, 140 mM NaCl, 5 mM glucose, and 5 mM HEPES, 
pH 7.4. The osmolarity was approx. 300 mosM. cCsCl buffer B consisted of 10 mM CsCl, 
5 mM glucose, 5 mM HEPES, pH 7.4, 140 mM KCl, 5 mM NaCl, 2.4 mM MgC1 2, and 1 
µ.M CaCl2• dCsCl buffer C had the same composition as buffer B, except that the viscosity 
of this solution was adjusted to 5.6 cP with PVP-100. ' Because of denaturation problems 
associated with Hb preparations at high concentration, the concentration of COHb used in this 
study was below the physiologic value in human RBC (4.8 - 5.4 mM) (102). However, for 
the COHb experiments we only used 5 mM CsCl in buffers A, B, and C. Thus, the 
concentration ratio of Cs+ to COHb is close to physiologic value in human RBC. 
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COHb at concentrations close to its normal range in human RBC (102) was larger than the 
downfield shift induced by DPG. However, the downfield shift induced by COHb is not due 
to specific Cs+ binding to COHb (vide infra). In the presence of competing intracellular 
cations (buffer B) and with the solution viscosity adjusted to 5 cP (buffer C), the 133Cs+ NMR 
chemical shifts in the presence of each intracellular RBC component was virtually unchanged 
relative to that observed in buffer A (Table XIV). Of all intracellular phosphates, DPG 
continued to induce the largest 133Cs + shift in the presence of competing cations within a 
physiologic viscosity range. When all of the intracellular components were present in buffer 
C, the shift observed was 0.99 ppm (n = 3). This is less than the calculated value, 4.00 
ppm, obtained by addition of the shifts given separately by each RBC component. The shifts 
were not additive, presumably because there is competition between intrac~llular components 
for the Cs+ ion. 
Negatively charged phospholipids or amino acid side chains in RBC membrane 
proteins are also potential sites for Cs+ interaction. The 133Cs + NMR parameters of 10 mM 
CsCI in the presence of unsealed RBC membranes suspended in buffer A (at 3 mg/ml protein 
concentration) were o = 0.07 ppm and Llv112 = 8.3 Hz (n = 3). Upon addition DPG to the 
same membrane samples, the 133Cs+ NMR parameters were o = 1.01 ppm and Llv112 = 15.3 
Hz (n = 3). 
IV. S Contribution of Mairoetic Susceptibility To the Intracellular mes+ Shitl 
31 P NMR spectra were recorded for Cs+ -free RBCs suspended in a Cs+ free medium 
or for Cs+-loaded RBCs in a Cs+-containing medium (Table XV). Both deoxyRBC and 
CORBC suspensions were analyzed. As a further test of the magnetic field gradient effect 
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Table XV. Effects of Cs+ loading, oxygenation, and SR on the chemical shifts and line 
widths of intracellular RBC 31P NMR phosphate resonances. •.b 
DPG ATP 
3 2 a 
A. Cs+-loaded deoxyRBCs 
c5/ppm 6.2 5.5 4.6 -2.9 . -7.8 -16.9 
.111112 42 28 19 42 48 137 
B. Cs+ -free deoxyRBCs 
c5/ppm 5.9 5.2 4.3 -3.3 -8.1 -17.2 
dV112 26 22 20 46 49 125 
C. Cs+-loaded CORBCs 
c5/ppm 5.7 4.9 4.2 -3.4 -8.3 -17.4 
.111112 25 20 21 37 36 104 
D. Cs+-free CORBCs 
c5/ppm 5.6 4.8 4.2 -3.3 -8.3 -17.4 
d1'112 17 19 15 43 37 125 
E. Cs+ -loaded deoxyRBCs in SR suspension 
c5/ppm 5.8 5.1 4.0 -3.6 -8.3 -17.7 
.111112 36 36 35 51 55 126 
F. Cs+ -loaded CORBCs in SR suspension 
O/ppm 5.5 4.7 4.2 -3.5 -8.3 -18 
.111112 56 120 37 56 55 150 
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0 Samples A and C were suspended in the same medium as for Figure XXIIIA. Samples B 
and D were suspended in 150 mM NaCl, 5 mM glucose, and 5 mM HEPES, pH 7.4. 
Samples E and F were suspended in the same medium as for Figure XXIIIB. All suspension 
media contained 15% D20. RBCs were loaded with 150 mM CsCl for 3 hours. "Shifts are 
reported relative to a reference sample of phosphoric acid in op, placed in a spinning 10 mm 
NMR tube and measured separately. The reported 31P line widths represent the widths of the 
resonances at half-height (in Hz) after subtraction of 20 Hz used in line broadening. The 
reported NMR parameters represent the average of measurements conducted on two separately 
prepared samples. Errors in chemical shift and line width are less than 0.1 ppm and 1.0 Hz, 
respectively. 
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across the RBC membrane, we also examined Cs+-loaded RBCs suspended in a medium 
containing 5. 0 mM Dy ITH A 3-. Deoxygenation of Cs+ -free or Cs+ -loaded RBC suspensions 
caused broadening and downfield shifts of the lip resonances of intracellular phosphates. 
These observations are in agreement with those previously reported (92, 104) and confirm the 
degree of oxygenation of the SR-free samples. Incorporation of 5.0 mM Dy(TIHAf in the 
medium of Cs+ -loaded RBC suspensions led to broadening and downfield shifts (relative to 
SR-free samples) of the lip NMR spectra of both deoxyRBC and CORBC suspensions. 
However, in suspensions containing SR the spectral changes were larger with CORBC than 
with deoxyRBC. These observations are consistent with those previously reported (92, 104) 
for RBC suspensions containing 3 mM Dy(PPP)/° and confirm the degree of oxygenation in 
SR-containing RBC suspensions. Cs+ loading of deoxyRBC suspensions gave rise to 
broadened and slightly downfield shifted lip NMR spectra. In contrast, Cs+ loading of 
CORBC suspensions led to virtually no changes in the line widths or chemical shifts of the 
lip NMR resonances. 
The effect of the degree of oxygenation on the mes NMR spectra of the SR-free and 
SR-containing Cs+ -loaded RBC suspensions was also examined (Table XVI). As reported 
above for lip NMR spectra of RBC suspensions in SR-free media, deoxygenation also caused 
some broadening and small downfield shifts of the intra- and extracellular mes+ NMR 
resonances of Cs+ -loaded RBC suspensions in SR-free media. The presence of Dy(1THAt 
in the suspension medium of deoxyRBCs induced an upfield shift and a sharpening of the 
intracellular 133Cs + resonance. In contrast, CORBCs gave rise to a broad and downshifted 
intracellular 133Cs + resonance in the presence of SR. Incorporation of Dy(ITHAt in the 
suspension media of either deoxy or CO Cs+ -loaded RBCs caused broadening and 
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Table XVI. mes NMR chemical shifts and line widths for Cs+ -loaded RBC suspensions in 
the presence and absence of 5 mM Dy(TIHA)3"".0 "' 
cs+ . 
.. Cs+°"' 
with SR without SR with SR without 
SR 
A. Cs+-loaded deoxyRBCs 
c5/ppm 2.1 2.3 3.8 1.1 
Av in 10 10 4.9 3.9 
B. Cs+-loaded CORBCs 
c5/ppm 2.1 1.9 3.7 1.3 
Av 112 13 9.5 10 7.1 
aRBCs were loaded with 150 mM CsCl for 3 hours. [Cs+ln = 2.5 mM. The SR-free 
samples were suspended in medium A (see Table XIV). The SR-treated samples were 
suspended in a medium similar to A, except that 5.0 mM Dy(TIHA)3° replaced 15 mM NaCl. 
Deoxy- and CORBC samples were prepared as described in Materials and Methods. 
bChemical shifts are reported relative to a reference sample of 0.15 M CsCl in op, placed 
in a spinning 10 mm NMR tube and measured separately. The reported mes+ line widths 
represent the widths of the resonances at half-height (in Hz) after subtraction of 3.0 Hz used 
in line broadening. The reported NMR parameters represent the average of measurements 
conducted on two separately prepared samples. Errors in chemical shift and line width are 
less than 0.1 ppm and 1.0 Hz, respectively. 
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downshifting of the extracellular mes+ resonance, as reported above (Figure XXIII). In SR-
free media, the chemical shift separation between intra- and extracellular 133Cs + NMR 
resonances from Cs+ -loaded RBCs was 1.2 and 0.6 ppm, respectively, in deoxyRBC and 
CORBC suspensions. In SR-treated media, the chemical shift separation was 1. 7 and 1.6 
ppm, respectively, in deoxyRBC and CORBC suspensions. 
For further characterization of the volume and diamagnetic susceptibility contributions 
of hemoglobin toward the intracellular mes+ shift, we examined the effect of hemoglobin 
concentration on the mes NMR spectra by varying the hematocrit (Figure XXIV) or 
osmolarity (Figure XXV) in CORBC suspensions, or by diluting the CORBC lysates (Figure 
XXVI). 
We varied the hematocrit (Ht) by changing the volume ratio of packed RBCs to 
suspension medium (buffer A). The chemical shifts of intra- and extracellular mes+ 
resonances were measured at different hematocrit values (Figure XXIV). The mes+ chemical 
shift of the suspension medium alone (Ht = 0) was 1. 7 + 0.1 ppm upfield from that 
extrapolated for packed cells (Ht = 100%). In carbonmonoxygenated RBC suspensions, as 
the hematocrit increased, the intracellular mes+ resonance and, to a lesser extent, the 
extracellular mes+ resonance were shifted down field. The chemical shift separation between 
intra- and extracellular 133Cs + resonances in Cs+ -loaded CORBC suspensions increased slightly 
(by approximately 0.1 ppm) when the hematocrit increased from 25 to 95 % . The intracellular 
Cs+ concentration varied between 1.2 and 4.8 mM, whereas the extracellular Cs+ 
concentration varied between 4.6 and 14.0 mM, when the Ht increased from 25 to 95%. 
The chemical shifts of intra- and extracellular mes+ resonances were measured at 
different osmolarity values (Figure XXV). The osmolarity was increased by addition of 
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Figure XXIV. Dependence of intra- and extracellular 133Cs+ NMR chemical shifts on 
hematocrit for Cs+ -loaded CORBCs suspended in buffer A (see Table XIV). The symbols 
• and 0 represent the intra- and extracellular 133Cs + shifts, respectively, and the symbol • 
denotes the transmembrane chemical shift difference. The shifts were determined relative to 
a sample of 0.15 M CsCI in DP which was measured separately. A 2 % correction was 
applied to the measured hematocrit to account for trapped suspension medium (105). 
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Figure XXV. Dependence of intra- and extracellular 133Cs+ NMR chemical shifts on 
osmolarity for Cs+ -loaded CORBC suspensions. The osmotic pressure of the suspension 
medium was adjusted by addition of 0.3 mL of sucrose (ranging in concentration from 0 to 
1000 mM) to 2.0 mL Cs+-loaded CORBCs suspended in 0.6 mL of buffer A. The symbols 
• and 0 represent the intra- and extracellular 133Cs+ shifts, respectively, and the symbol • 
denotes the transmembrane chemical shift difference. The shifts were determined relative to 
a sample of 0.15 M CsCI in op which was measured separately. 
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Figure XXVI. Dependence of the intracellular mes+ shift on CORBC lysate concentration. 
Concentrated CORBC lysates were prepared as described in Materials and Methods. The 
various lysate concentrations were obtained by addition of varying amounts of distilled water 
to concentrated RBC lysate. The CsCI concentrations ranged from 2.4 mM at a lysate 
concentration of 100% to 1.0 mM at a lysate concentration of 42 % . The lysate concentration 
is given in units of %v/v, the percentage ratio of the initial volume of concentrated lysate and 
the volume of each sample after dilution. The reported mes+ shifts were measured relative 
to 0.15 M CsCI placed in the bulb of a spherical bulb/cylindrical capillary reference assembly. 
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increasing amounts of the nonelectrolyte sucrose to the suspension medium. In CORBC 
suspensions, as the osmolarity increased, the intracellular 133Cs+ resonance was shifted 
down field, whereas the extracellular 133Cs + resonance was shifted slightly upfield. The 
chemical shift separation between intra- and extracellular 133Cs+ resonances in Cs+ -loaded 
CORBC suspensions underwent an approximately two-fold increase as the osmolarity increased 
from 182 to 551 mosM. The intracellular Cs+ concentration varied between 1.7 and 2.3 mM, 
whereas the extracellular Cs+ concentration varied between 4.6 and 7.5 mM, when the 
osmolarity increased from 182 to 551 mosM. 
IV.6 Contribution of Non-Ideality of Water To the Intracellular IJJcs+ Shift 
Concentrated RBC lysate bubbled with CO gas was diluted with distilled water to yield 
different COHb concentrations. Under these experimental conditions, the Cs+ /Hb 
concentration ratio was maintained constant. Figure XXVI shows the 133Cs + shift in RBC 
lysates when the chemical shift reference was 0.15 M CsCI placed in the bulb of a spherical 
bulb/cylindrical capillary reference assembly. Because of the spherical geometry of the 
reference assembly, the reference and sample solutions experience the same changes in 
magnetic field strength (106, 107). An increase in eoRBe lysate concentration was 
accompanied by a 2.1 ppm downfield shift of the 133es + NMR resonance. The smaller 
downfield shift of the mes+ NMR resonance observed with increasing eoRBe lysate 
concentration did not include the contribution from an increase in the diamagnetic 
susceptibility contribution of eOHb. An increase in eORBe lysate concentration from 42 to 
100% resulted in an increase of 7.7 Hz of the line width of the mes+ NMR resonance. 
Figure XXVII shows the effect of increasing concentrations of eOHb and lysozyme 
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Figure XXVII. Effect of varying concentrations of COHb (•) and lysozyme (0) on the 
chemical shifts (part A) and line widths (part B) of 133Cs+ NMR resonances. The initial Cs+ 
concentration was 10 mM. The COHb concentration is expressed in terms of tetramer 
concentration whereas the concentration of lysozyme is expressed in terms of monomer 
concentration. The protein samples were diluted by addition of varying amounts of distilled 
water. The reported chemical shifts were measured relative to 0.15 M CsCl placed in the 
bulb of a spherical bulb/cylindrical capillary reference tube assembly. 
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on the chemical shift and line width of the 133Cs + NMR resonance. Both lysozyme and COHb 
caused small downfield 133es + shifts, with the shifts induced by COHb being slightly larger. 
Whereas an increase in COHb concentration caused an increase from approximately 3.0 to 28 
Hz in the line width of the 133es + NMR resonance, a similar increase in lysozyme 
concentration had a very small effect on the line width. An increase in protein concentration 
resulted in an increase in the diamagnetic susceptibility of the sample. However, because of 
the reference method employed, the observed downfield 133es + shifts measured in the presence 
of increasing COHb or lysozyme concentrations were due to a protein property independent 
of magnetic susceptibility. To ensure that the broadening of the mes+ signal induced by 
increasing concentrations of either eOHb or lysozyme was not due to an increase in viscosity, 
we also measured the mes+ NMR parameters in PVP-100 samples which had the same 
viscosity as did the protein samples (Figure XXVIII). In contrast to COHb solutions, an 
increase in solution viscosity had no significant effect on the line width of the 133Cs+ NMR 
resonance measured in PVP-100 solutions of varying concentrations. Unlike COHb or 
lysozyme, an increase in PVP-100 concentration did not lead to a downfield shift of the 133Cs+ 
resonance. 
IV.7 Cs+ Bindin2 to DPG 
To characterize the interaction of Cs+ with DPG, we obtained 31P NMR and 13C NMR 
spectra for DPG solutions in the presence and absence of Cs+. The chemical shifts and line 
widths of 31P and 13C NMR spectra of DPG, in the presence and absence of competing ions 
at physiologically relevant concentrations, are given in Table XVII. 31P peak assignments 
were made as previously reported (108, 109). 13C peak assignments were based on standard 
chemical shifts for carboxylic, methylene, and methyne carbons. The chemical shifts of the 
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Figure XXVIII. Effect of varying the viscosity of solutions of PVP-100 on the chemical 
shifts (part A) and line widths of 133Cs+ NMR resonances. The viscosity of the protein 
samples used in Figure XXVII was measured. Aqueous solutions containing PVP-100 (in 
varying concentrations) and CsCl (10 mM) were prepared that matched the viscosities of the 
protein samples. The reported chemical shifts were measured relative to 0.15 M CsCI placed 
in the bulb of a spherical bulb/cylindrical capillary reference tube assembly. 
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Table XVII. 31 P and 13C NMR chemical shifts and line widths of DPG in the presence and 
absence of 10 mM es+." 
Position 3 2 1 2 3 
A. Medium A 
without cs+ 5.5 (22) 4.6 (13) 179 (6) 75 (11) 67 (9) 
with cs+ 5.5 (38) 4.6 (43) 179 (12) 75 (20) 67 (18) 
B. Medium B 
without cs+ 5.6 (18) 4.6 (16) 179 (18) 75 (16) 67 (14) 
with cs+ 5.6 (30) 4.6 (29) 179 (24) 75 (29) 67 (15) 
"Medium A consisted of 10 mM CsCl and 5.4 mM DPG. Medium B consisted of 10 mM 
CsCl, 5.4 mM DPG, 140 mM KCl, 5 mM NaCl, 2.4 mM MgCl2, and 1 µM CaC~. We did 
not add HEPES and glucose to the solutions in order to simplify the 13C NMR spectra. 
bChemical shifts in ppm are followed by line widths in Hz in parentheses. 31P chemical shifts 
are reported relative to a reference sample of 0.15 M CsCl in D20, placed in a spinning 10 
mm NMR tube and measured separately. 13C chemical shifts are reported relative to 
tetramethylsilane present in the sample. The reported 31P and 13C line widths represent the 
widths of the resonances at half-height (in Hz) after subtraction of 20 and 2.0 Hz, 
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respectively, used in line broadening. The reported NMR parameters are an average for three 
separately prepared samples. Errors in chemical shift and line width are less than 0.5 ppm 
and 1.0 Hz, respectively. 
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31 P and 13C NMR resonances of DPG did not change upon addition of Cs+ or competing ions. 
However, the line widths increased upon addition of Cs+, but did so to a lesser extent in the 
presence of competing ions. Using 133Cs NMR the Cs+ -DPG association constant was 
determined from plots of ooi.f[Cs+] vs. [Cs+] (in mM) at pH 7.4 (Figure XXIX). The good 
linear fit (r2 = 0.90) of the 133Cs+ chemical shift data in the presence of DPG is consistent 
with a stoichiometry of 1: 1 for the Cs+ -DPG complex. From the slope of the linear plot the 
dissociation constant was found to be K0 = 3.8 + 0.2 mM at 23 °C. 
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Figure XXIX: Cs+ -DPG Dissociation Constant Determination 
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CHAPTER V 
DISCUSSION 
V .1 Multinuclear NMR Study of Cr in Biological Systems 
In recent years attention has been increasingly focused on using ionophores to study 
and understand the molecular basis of selective ion transport across biological membranes. 
Several biophysical studies have been undertaken to elucidate the molecular mechanism by 
which ionophores transport cations across membranes (23). Most studies up to date have 
focused on cation ionophore interactions, but have neglected the role of anions. We have 
focused on the ability of anions, in particular er' to form ion pairs in ionophore solutions. 
The effect of ion pairing induced by ionophores in several solvents systems was 
examined for both Cr and Cl04-. A system in which ion pairing occurs is expected to have 
an increase in the 35Cl NMR line width, whereas if no ion pairing occurs the line width is 
expected to remain similar to the reference sample (without any ionophore present) after 
viscosity differences are taken into account. The following equation relates line width to T2: 
(1) 
where T2 is the spin-spin relaxation time constant. In the case of extreme motional narrowing 
the molecular tumbling is rapid on the NMR time scale, and the relaxation rate for a 
quadrupolar nucleus is given by the expression (110) 
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l = l = .3_ * 21+3 * {l+zC}{e~2 *TC (2) 
T2 T 1 40 12(21-1) 3 fl 
where T 1 is the longitudinal, or spin lattice relaxation time, ectz is the principle component 
of the electric field gradient tensor, and the correlation time r. is the time constant which 
describes the motional modulation of the quadrupolar interaction inducing nuclear relaxation. 
Fluctuations in electric field gradients in the coordination sphere of the chloride ion causes 
modulation of nuclear energy and hence affect relaxation properties. As the chloride ion pairs 
to the cation-ionophore complex T2 decreases, the rate of tumbling (l!TJ increases, and 
consequently the 35el NMR line width also increases. For solutions in which ion pairing does 
not occur T2 is expected to remain unchanged. 
The neutral ionophores (Val and Non), form an overall positive charge once they 
interact with the cation, K+. It was hypothesized that the er and CIO; counter anions would 
be attracted to the positive complex and ion pair. As shown in Tables II, IV-VIII, the 35el 
NMR line widths of er and el04- do increase for the neutral ionophores for all solvents 
studied. The carboxylic ionophores (Las, Mon, and Nig) form an overall neutral complex 
when they interact with the cation, K+. It was hypothesized that the er and e104• counter 
anions would not be attracted to the neutral complex. As shown in Tables II, IV-VIII, the 
35
el NMR line widths of er and e104• in the presence of the negatively charged ionophores 
increase slightly compared to the control samples without ionophore present. We concluded 
that the neutral ionophores (Val and Non) do interact and ion pair with the er and e104• 
anion. 
Solvents varying in donor number and dielectric constant were used in order to mimic 
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the range of polarities found in a biological membrane. As these parameters increase the 
degree of ion pairing is expected to decrease. A comparison of the various ionophores in the 
presence of KCl in methanol (DN = 25. 7) and acetone-15% 0 20 (DN = 19.4) result in 35Cl 
NMR line widths which are slightly larger in acetone-15% 0 20, Figure VII. Because the 
donor numbers for methanol and acetone-15% D20 are very similar, this is not surprising. 
A similar trend is observed when comparing the effect of dielectric constant on the 35Cl NMR 
line width for ionophore samples containing KCl, Figure IX. According to Marcus (11 la), 
a combination of a low dielectric constant of the solvent, that promotes the formation of ion 
pairs in general, and a low donor number of the solvent, that causes only weak solvation of 
the cation, favors the formation of contact ion pairs. It is reported for lithium salts (Cr or 
Cl04) that the border between contact ion pair and non-formation results when the value of 
the product of DN*DE < 700 (llla). The product of DN*DE for methanol and acetone-
15%020 are approximately 840 and 570, respectively. Based on the above argument, larger 
35Cl NMR line widths are predicted when acetone-15 % D20 is the solvent as shown in Tables 
II and V. A similar analysis for the CIO; salts would predict that the largest 35Cl NMR line 
widths would result when acetonitrile (DN*DE = 529) was the solvent, followed by methanol 
(DN*DE = 840), and lastly DMSO (DN*DE = 1392). As shown in Figures VIII and X, 
the largest 35Cl NMR line widths were found in methanol. This study is limited by the 
changes in ion-solvent interactions when going from one solvent to another. These changes 
depend on factors other than DN and DE. It would have been helpful to include other 
solvents; however solubility problems existed. 
Ff-IR studies on Val in the presence of KC104 have been examined (96b). The amide 
I region which appears at 1659 cm·' has been assigned to the stretching vibration of amide 
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C=O groups involved in intramolecular H-bonds for Val in nonpolar solvents. A single ester 
carbonyl absorption is seen in chloroform. This band at 1754 cm·1 is characteristic of non 
H-bonded ester carbonyls. This band is also observed in other nonpolar solvents. Addition 
of KC104 to Val in CHC13, acetonitrile, carbontetrachloride, or cyclohexane results in a 
significant shift of both amide I and ester C=O absorption bands to lower wave lengths and 
a marked reduction in line width. It is known that complexation of cations to Val involve 
adjustments in the H-bonding network (96b). In solvents of high and medium polarity the IR 
spectrum of Val and KCl04 was observed to be more complex. It was speculated that in high 
polarity solvents most intramolecular H-bonds are being broken and intermolecular H-bonds 
are being formed between the solvent and the ionophore. Hence, the FT-IR spectra were too 
complex to conclude any specific aspects of cation ionophore structure. 
The change in symmetry of the perchlorate molecule from tetrahedral to C3v upon ion 
pair formation with Val is shown in figure XIV g by the splitting of the v3 stretching band at 
1130 cm·1 into two bands (96b). For Las (Figure XIVh), however, the band remains unsplit 
indicating that the symmetry for the perchlorate molecule does not change. From the FT-IR 
data, K+-Val appears to ion pair with CJQ4• while K+-Las does not. 
The effect of cation on er ion pairing was examined. The selectivity of the 
ionophores for different cations is expected to vary from solvent to solvent. Within the same 
solvent, we found that Cs+ and Li+ interacted more strongly with Val than with Las but that 
Na+ interacted more strongly with Las than with Val. With a radius of 1.69 A, the Cs+ ion 
fits snugly in the three dimensional cage like structure of Val (24). Las, on the other hand, 
is the smallest of the carboxylic ionophores with complexed ions sitting on rather than within 
the cage (24). The smaller sizes of Na+ (r = 0.95 A) and Li+ (r = 0.60 A) account for 
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the smaller changes in the 23N a+ and 7Li + NMR line widths for samples containing Val 
compared to salt solutions alone. Based on the selectivity sequence in Table 1, ion pairing 
is better seen with tight metal ion binding, as with Na+ and Cs+, resulting in an increase in 
the 35CI NMR line width for samples containing Val as opposed to Las. The very low 
selectivity of both Val and Las for u+ yields very little difference in the 35CI NMR line 
widths. 
The effect of pH on the 35Cl NMR line widths of KCl in the presence of Val or Mon 
was also studied. By lowering the pH < 3, the carboxylic group on Mon was protonated 
(1 llb). The negative charge on Mon is lost and then interacting with K+ an overall positively 
charged Mon-K+ complex is formed. The protonated Mon-K+ complex has the same overall 
charge as Val-K+ complex and both are now expected to have similar ion pairing abilities 
resulting in an increase in the 35Cl NMR line width. As mentioned in section IV.1.5, the 35Cl 
NMR line width does increase for Mon from 54 Hz to 111 Hz. This indicates that the 
formation of an ionophore-cation with an overall charge of + 1 results in an increase in the 
35CI NMR line width independent of ionophore type. 
The effect of ion pairing on the 13C NMR spectrum of Val was also briefly examined. 
Addition of KCI produced only small changes in the chemical shifts and line widths of the 
13C NMR resonances which were attributed to cation binding (11 lc, 11 ld). This is not 
surprising if the cation-ionophore complex and er anion is pictured as two rotating spheres 
such that no specific interaction with the ionophore backbone results. 
Lanthanide SRs have been successful in distinguishing between intra- and extracellular 
metal cation resonances in RBCs (47-57). In our efforts to obtain a possible 35Cr SR, we 
investigated several complexes of Dy(III). Of the lanthanide SRs tested Dy(TIHA)3", 
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Dy(NOTA), and Dy(PPP)/° were the most promising. This selection was based on the data 
shown in Figure XVI and also on the relatively narrow line widths of 35er resonances 
observed in the presence of these complexes. 
The 35er shifts decreased with increasing concentration of Dy(PPP)/° and 
Dy(TIHA)3°. In these cases, the er ion is being repelled by the highly negatively charged 
ligands and attracted by the positively charged lanthanide ion. Therefore, as the concentration 
of Dy(PPP)/° or Dy(TIHA)3° increases, the electrostatic repulsion increases between the 
negative charges on the ligand and the er, decreasing the observed 35er shifts. 
The 35er shifts in Ln(TIHA)3- solutions do not appear to follow any pattern (Tables 
IX and X) which makes it difficult to obtain contact and pseudo contact contributions towards 
the observed shifts. Also, the possibility of a large bulk susceptibility contribution towards 
the observed 35er shifts in Ln(TIHA)l- solutions can not be ruled out (112). In order to 
obtain information on geometry, the SR-substrate adduct must maintain axial symmetry (51). 
The Ln(TfHA)3° SRs may violate this rule and thus information on contact and pseudo contact 
contributions can not be obtained directly from the analysis in section IV.2.1.1. 
Dy(NOTA) has been shown by Bryden et al. (61) to induce large shifts in 35er NMR 
resonances. It was found however, that the shift induced by Dy(NOTA) was partially due to 
direct coordination of er to Dy(Ill) (61). This may in turn affect the er distribution across 
biological membranes, limiting the use of Dy(NOTA). 
The paramagnetic shifts induced on the 35er resonance by transition metals eo(ll) and 
Ni(II) are much smaller than those induced by paramagnetic lanthanides (Figure XVII). The 
line widths of 35el resonance in the presence of eo(ll) salts and complexes were much broader 
than those in the presence of Ni(II) salts tested in this study (Figure XVIII). The difference 
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between the paramagnetic shifts induced by lanthanides and transition metals are presumably 
due to the large influence of the £7 electrons of lanthanides on the observed shift. Hence, the 
pseudo contact and contact shifts in the presence of lanthanides are much greater than those 
in the presence of transition metals. The data obtained on the shifts induced by eo(II) and 
Ni(ll) clearly indicate that high concentration of these species are required to obtain optimal 
shifts in order to resolve intra- and extracellular 35er resonances. Such high concentrations 
of transition metal species may result in severe impairment of physiologic functions. 
Dy(TIHA)J-, Dy(PPP)/-, and Dy(NOTA) were tested for possible use as SRs in 
LUVs, frog leg muscle tissue, and intact RBes. It was not possible to obtain separation 
between intra- and extracellular er resonances in the above systems. It was observed that 
Clin. LUVs experienced a chemical shift without incorporation of a SR. This can be attributed 
to magnetic susceptibility. Any nuclei in a compartment senses an induced magnetic field. 
This induced field depends· on the volume of the medium inside the component, shape of the 
compartment, its orientation relative to the applied field, and does not depend on the presence 
of any paramagnetic substances (112). In vesicle preparations there exists aggregation, non-
uniformity of size, and possible fragmentation. These factors contribute to additional 
susceptibility, resulting in a change in chemical shift. 
Several procedures including inhibition of er channels with DIDS, reduction of 
paramagnetic centers in Hb and SOD, and lowering the sample temperature were attempted 
to slow down the known high rate of er exchange in biological systems. It was hoped that 
these modifications would render the lanthanide SRs effective in separating the intra- and 
extracellular er resonances. The lanthanide SRs were not found to directly bind to the 
membranes, making their use more physiologically useful. Despite all the attempted 
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procedures, the separation of intra- and extracellular resonances remains elusive. 
The er has been shown to exchange rapidly across biological membranes (113). For 
slowly exchanging species k < < (vA -vJ, where k is the first order rate constant describing 
the transport between two sites and v A and 118 are the two resonances frequencies. For fast 
exchange k > > (vA -vs). Based on an average 35Cr NMR chemical shift of 5 ppm the 
separation between the two er pools is 150 s"1• The magnitude for the rate of er influx in 
intestinal cells was reported to be in the order of 106 s·1 (114). From this it can be seen that 
k > > (vA -vs) and thus, the er is in fast exchange on the NMR time scale and the two 
resonances for intra- and extracellular pools may not be easily distinguishable. In an attempt 
to obtain larger shifts as suggested by the above calculation, it was decided to try other non-
lanthanide complexes for possible SRs. CoCl2 solutions do cause larger 
35Cr shifts as reported 
by Shulman et al. (62). Upon addition of the SR containing extracellular suspension to LUVs 
the shift for the extracellular resonance was less than expected based on standard rho plots 
(Figure XVII). The decrease in chemical shift was believed to result from the binding of 
Co(II) to the negatively charged phospholipids in the vesicle membrane (Figure XIX). As the 
Co(II) interacted with the membrane less Co(II) was available to shift the extracellular er. 
A similar decrease in 35Cr chemical shift was also observed for Co(acac)2 (Figure XX). It 
was hoped that the bulky acac ligand would prevent the Co(II) membrane interaction. The 
addition of NaCl LUVs to the Co(acac)2 suspensions decreased the 35Cr shift from 38 ppm to 
27 ppm. The low stability of Co(acac)2, logK = 5 (97), allows for some Co(II) to exist freely 
in solution further reducing the amount of Co(II) available to interact with the extracellular 
er. 
As mentioned in the Chapter 1, intracellular er in human RBCs was reported to be 
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invisible due to binding with Hb (1). For this reason all SR experiments were conducted on 
ghosts, muscle tissue, and vesicles. Recently, the paramagnetic Cu(II) center of Cu,Zn-
superoxide dismutase was found to strongly affect the F relaxation rates (98). The addition 
of diethyldithiocarbamate (DDC) was found to reduce the paramagnetic Cu(ll) center in 
Cu,Zn-superoxide dismutase increasing both T 1 and T2 of F in RBCs (98). The effect of 
DDC treated RBCs on the visibility of intracellular 35Cr was tested. DDC treated packed 
RBC were prepared and the corresponding 35Cl NMR spectrum recorded. The addition of 
DDC failed to increase the visibility of intracellular CL After washing the DDC treated 
RBCs (Figure XXI) with isotonic NaN03, the 35Cl NMR spectrum was rerecorded. No 35Cl 
NMR resonance was observed indicating that the 35Cr peak in Figure XXI for DDC-treated 
RBCs may be due to trapped CL 
In many systems, ionophores have been employed to alter the permeability of cellular 
membranes to specific cations and shift the electrochemical gradient across the membrane 
(115-117). Changes in phospholipid turnover have been observed after ionophore treatment 
(100, 116, 118). The changes in chloride distribution, as a result of er efflux, and membrane 
potential obtained in this study upon treating RBCs with various ionophores clearly indicate 
the role of cation and anion distribution in maintaining cell membrane potential. Since the 
transmembrane potential in the erythrocyte is dependent on the distribution of chloride and 
potassium across the membrane under normal conditions, manipulations in cell volume and 
ion distribution may either alter the distribution of chloride and potassium or alter the relative 
permeabilities of chloride and potassium, resulting in hyperpolarization of the membrane (117, 
119-122). 
Our results indicate that Mn2+ and Val induce er transport across the cell membrane 
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in opposite directions. The presence of MnC12 in vesicle suspensions presumably masked the 
effect of Val on Cr transport (60). 
In RBCs pretreated with DIDS, chloride transport via the Band 3 protein is inhibited 
(122-123). However, it has been shown that approximately one third of the transmembrane 
movement of chloride in erythrocytes is independent of the Band 3 (123). Hence, the TFA 
ratio changes observed in the presence of Val and DIDS in this study (Table XIII) clearly 
suggest that Val induces changes in chloride distribution which are independent of Cr 
transport via the band 3 protein. The changes in er distribution, as monitored by 19F and 31 P 
NMR spectroscopy, induced by the addition of Val or Non to a human RBC suspension are 
presumably associated with er efflux by a pathway that involves ion pairing between er and 
K+ -Val or K+ -Non complexes. However, ionophore-induced Cr transport by other 
mechanisms, such as K+ -Cr cotransport or er leak, cannot be ruled out. 
V.2 Multinuclear NMR Study of Cs+ in Bioloeical Systems 
It is known that the resonances of monovalent alkali metal ions are shifted in the 
presence of lanthanide SRs (51-53, 124). The direction ofthe observed shifts for extracellular 
133Cs + resonances in the presence of SRs is dependent on the angle of orientation of the Cs+ 
with the principal axis of the lanthanide ion. It is clear from Figure XXIII that SRs are not 
needed for separation of the chemical shifts of intra- and extracellular mes+ NMR resonances 
in Cs+ -loaded RBC suspensions. The positions of the intra- and extracellular mes signals in 
the presence of SRs (Figures XXIIIB through XXIIID) were inverted relative to the positions 
when no shift reagent was used (Figure XXIIIA). The Cs+ shifting properties of Dy(PPP)t 
are unique in that for all other alkali metal ions, Dy(PPP)/° shifts the extracellular resonance 
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in the upfield direction (50, 54). However, Dy(TfHAt and Tm(DOTP).s. shift the 
extracellular Cs+ resonance downfield, as for the other alkali metal cations (50, 54, 125). 
Moreover, the magnitude of the 133Cs+ shift induced by Dy(PPP)t was considerably smaller 
than those caused by Dy(TfHAt and Tm(DOTPt, at the same SR concentrations. In 
contrast, for other alkali and alkaline earth metal ions, the magnitude of the shifts induced by 
Dy(PPP)z'° is considerably larger than those caused by Dy(TfHAt, but only slightly larger 
than those induced by Tm(DOTP)5'", at the same SR concentrations (50, 54, 125). The very 
large mes+ shifts induced by Tm(DOTP).s. are presumably associated with the large size of 
the Cs+ cation and its binding via four phosphonate oxygens close to the Tm3+ ion and near 
the cone axis. 
The downfield mes+ shift induced by Dy(PPP)t is probably related to the large ionic 
radius of the Cs+ cation and its location in the equatorial region formed by the dipolar cone 
angle around the effective magnetic axis of the SR (126). Addition of Na+ to Cs+/SR solution 
removed the Cs+ ions from the Na+ preferred sites and caused an increase in the downfield 
133Cs + shift. However, addition of Cs+ to Na+ /SR solution caused a relatively large upfield 
23Na+ shift, presumably because Cs+ binds to both sides of the cone, with only some weak 
preference for the equatorial side. Thus, the Na+ /Cs+ competition experiments indicate that 
Na+ and Cs+ have distinct binding sites on Dy(PPP)/", with Na+ clearly preferring the axial 
portion outside the dipolar cone and binding strongly to the SR, whereas Cs+ binds weakly to 
the equatorial portion inside the cone. 
The steady-state transmembrane Cs+ ratio ([Cs+];/[Cs+]ouJ for Cs+ -loaded RBC 
suspensions measured in the presence of Dy(PPP)/° was higher than the ratios measured in 
its absence or in the presence of Dy(TIHA)3- or Tm(DOPT).s.. More extracellular Na+ ions 
142 
are presumably bound to Dy(PPP)/° because Na+ ions are present at a 10-fold excess relative 
to extracellular Cs+ ions. Moreover, the affinity of Na+ ions for Dy(PPP)/· is probably 
stronger than that of Cs+ ions because of the smaller ionic size of the Na+ ions (54b, 127). 
The incorporation of Dy(PPP)/° in a Cs+-loaded RBC suspension leads to more binding of 
Na+ ions, which, in turn, may cause an efflux of intracellular Na+ ions. The efflux of 
intracellular Na+ ions is partially compensated by an influx of extracellular Cs+ ions, leading 
to higher and lower values of trans membrane Cs+ and Na+ ratios, respectively, in Cs+ -loaded 
RBC suspensions in the presence of the triphosphate SR. The specific effect of Dy(PPP)t 
on the Cs+ distribution ratio is presumably due to the higher charge of this SR, because it was 
absent in the Dy(TIHA)J. containing RBC suspensions. This SR-specific effect on the Cs+ 
distribution across the RBC membrane is in agreement with the higher and lower 
transmembrane Li+ and Na+ ratios, respectively, previously reported for Lt-loaded RBC 
suspensions containing Dy(PPP)/° (57). 
The contribution of each intracellular component (Table XIV) and of the RBC 
membrane toward the observed chemical shift of the intracellular 133Cs NMR resonance in 
Cs+ -loaded CORBC suspensions was investigated. At concentrations close to physiologic 
values for ATP, ADP, DPG, and P;, DPG gave the largest downfield 133Cs+ shift of all the 
intracellular phosphates tested. We also measured the 133Cs + shifts for samples containing the 
same concentration (2.0 mM) of each intracellular phosphates and found that the interaction 
of Cs+ with DPG was not due to an elevated DPG concentration relative to that of other 
intracellular phosphates in RBC. We also found evidence for a Cs+ -DPG interaction in the 
presence of competing cations and in samples whose viscosity was adjusted to that of the 
intracellular RBC compartment (Table XIV). In the absence of DPG, preparations of unsealed 
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RBC membranes gave no significant 133Cs+ shifts or line broadening. It was concluded that 
the RBC membrane is not responsible for the downfield shift of the intracellular 133Cs + 
resonance observed in Cs+ -loaded RBC suspensions. The chemical shift of the 133Cs + 
resonance is known to be sensitive to the nature of the counteranion present in solution (79). 
The anion present at the highest concentration in RBCs is Cr. However, the Cr 
concentrations inside and outside RBCs are approximately the same and are unlikely to give 
be responsible for the observed resolution of 133Cs NMR resonances in Cs+ -loaded RBC 
suspensions (Figure XXIIIA). In contrast, biological phosphates are present only in the 
intracellular compartment. It was therefore concluded that Cs+ binding to intracellular 
phosphates, and to DPG in particular, contribute strongly to the appearance of two 133Cs 
resonances in Cs+ -loaded RBC suspensions. 
Magnetic susceptibility is known to be an important, albeit small, contributor to the 
observed chemical shifts of NMR resonances in biological samples. The effects of magnetic 
susceptibility on chemical shifts have sometimes been the cause of serious misinterpretation 
of data (92, 104, 107, 112, 128-133). Cell suspensions consist of two compartments, intra-
and extracellular. If the intracellular compartment is spherical, the nuclei inside and outside 
the cells experience the same magnetic field, and thus there is no chemical shift difference 
between intra- and extracellular NMR resonances. For any nonsymmetric geometry, a 
chemical shift difference may be observed. The bulk magnetic susceptibility (BMS) 
contribution to the chemical shift depends on the volume susceptibility of the medium inside 
and outside the cells, the cell morphology, and the relative orientation of the sample with 
respect to the externally applied magnetic field (53, 112). When NMR experiments are 
carried out with superconducting magnets as in the case of this study, paramagnetic substances 
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have a positive susceptibility which generates a downfield shift, and diamagnetic substances 
have a negative susceptibility which generates an upfield shift (92, 104, 112). Because the 
direction and magnitude of the BMS shifts are dependent on the alignment of the magnetic 
moments of the individual nuclei with the applied magnetic field, the BMS shifts are of 
opposite sign in superconducting and in electromagnets (92, 104, 112). The effects of BMS 
can be changed in a sample by incorporation of a paramagnetic substance, such as a shift 
reagent, in the suspension medium (92, 104, 112). 
In its deoxygenated form, Hb is paramagnetic (128-130), inducing a magnetic 
susceptibility difference between the intra- and extracellular compartments in deoxyRBC 
suspensions. The magnetic field gradient across the RBC membrane effects both broadening 
and downfield shifts of the 31P resonances (92, 104). Upon incorporation of a SR in the 
suspension medium, the magnetic field gradient is decreased, and consequently the line widths 
sharpen and the chemical shifts move upfield (92, 104). In contrast to deoxyHb, COHb is 
diamagnetic (128-130). When a SR is incorporated in a CORBC suspension, a significant 
magnetic field gradient is generated across the cell membrane, causing broadening and 
downshifting of the 31P NMR resonances. The magnetic susceptibility contribution of 
hemoglobin to the intracellular 31P and mes+ shifts was examined by comparing 31P and mes 
NMR spectra of deoxyRBC and CORBC suspensions. Whereas deoxyRBC suspensions gave 
broad and downfield-shifted 31P resonances for DPG and ATP, the corresponding resonances 
were sharp and were shifted upfield in CORBC suspensions (Table XV). The degree of 
oxygenation of Cs+ -free RBC suspensions as characterized by 31P NMR parameters was in 
agreement with that previously reported (92, 104). The presence of 5 mM Dy(TTHA)3- in 
the suspension medium partially inverts the magnetic field gradient across the RBC membrane 
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in suspensions of Cs+ -loaded deoxyRBCs because the two compartments now feel a similar 
magnetic susceptibility. In contrast, incorporation of 5 mM Dy('ITHAt in the medium of 
Cs+ -loaded CORBCs leads to enhancement of the magnetic field gradient across the RBC 
membrane. Thus, magnetic susceptibility differences between the intra- and extracellular 
compartments are responsible for the chemical shift and line width changes observed in the 
31P NMR resonances of Cs+ -loaded RBC samples, as previously reported for SR-treated Cs+ -
free RBC suspensions (92, 104). 
Just like 31 P NMR resonances of intracellular phosphates, the intra- and extracellular 
mes+ NMR resonances of Cs+ -loaded RBC suspensions in the absence of SR were broadened 
and downshifted upon deoxygenation (Table XVI). Similarly to what was observed with 31P 
NMR resonances, upon deoxygenation the presence of SR in the medium led to sharpening 
and an upfield shift of the intracellular 133Cs + NMR resonance. The chemical shift and line 
width changes observed for the intra- and extracellular 133Cs + NMR resonances that occurred 
upon deoxygenation or upon incorporation of SR in the medium were also small, but were not 
equal to those observed for 31 P NMR resonances of intracellular phosphates. The large effects 
of SR on the chemical shift and line width of the extracellular 133Cs+ resonance are associated 
with the paramagnetism of the SR and are not due to magnetic susceptibility properties of the 
SR-treated samples. Unless a significant inhomogeneity component is present, magnetic 
susceptibility affects the resonance frequency of all nuclei equally. Thus, for a RBC 
suspension placed in a superconducting magnet, the magnetic susceptibility contribution toward 
the 133Cs+ and 31 P shifts should be approximately the same. However, because inhomogeneity 
effects are present in blood samples (134), there may also be a contribution of the 
gyromagnetic ratios of 133Cs and 31 P toward the observed BMS shift (112). At a constant 
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magnetic field, nuclei with a higher resonance frequency show stronger line broadening effects 
(104). It is therefore not surprising that broadening effects were less pronounced in 133Cs than 
in 31P resonances. The chemical shift separation between intra- and extracellular 133Cs+ NMR 
resonances changed by not more than 0.6 ppm upon deoxygenation of es+-loaded RBCs in 
the presence or absence of SR. Even when diamagnetic or paramagnetic susceptibility 
differences are present across the RBC membrane, as confirmed by 31P NMR spectroscopy 
(92, 104), a clear separation between intra- and extracellular 133Cs+ NMR resonances is 
observed in Cs+ -loaded RBC suspensions. If magnetic susceptibility effects alone were 
responsible for the resolution of 133Cs NMR resonances in Cs+ -loaded CORBC suspensions, 
one would predict that intracellular mes NMR resonances would be shifted upfield from 
extracellular mes+ NMR resonances when recording the spectrum using a superconducting 
magnet (92, 104). Because the relative positions of the mes+ NMR resonances observed in 
Cs+ -loaded RBC suspensions are the opposite of those predicted, it was concluded that 
magnetic susceptibility effects are not responsible for the resolution of mes+ NMR resonances 
in human RBC suspensions. 
In suspension medium alone or in packed cells, only one mes+ resonance was 
observed. However, the chemical shifts of the 133Cs + resonances observed either in suspension 
medium alone (o_ = 1.0 ppm; Ht = 0) or in packed cells (0.m = 2.6 ppm; Ht = 95%) 
differed significantly from those observed in Cs+ -loaded RBC suspensions of intermediate 
hematocrit (Figure XXIV). Dependence of 31P chemical shifts on hematocrit was also 
observed for triethylphosphate, dimethyl methylphosphonate, and hypophosphite in oxygenated 
RBC suspensions (131). As the Ht increases, the diamagnetic susceptibility of the sample 
increases as a result of an increase in COHb concentration. An increase in diamagnetic 
147 
susceptibility with increasing Ht is associated with a decrease in BMS and, with a 
superconducting magnet, is expected to generate upfield shifts. However, downfield (as 
opposed to upfield) 133Cs + shifts of intra- and extracellular resonances were observed with 
increasing Ht (Figure XXIV). Clearly, an effect independent of magnetic susceptibility is 
responsible for the upfield 133Cs+ shifts observed in cs+ -loaded RBC suspensions. As the Ht 
decreases, the intracellular Cs+ concentration also decreases, presumably because the rate of 
Cs+ efflux from Cs+ -loaded RBCs is higher at low hematocrits. Thus, at high Ht values 
there is more interaction between Cs+ and intracellular phosphates, leading to downfield 133Cs+ 
shifts. 
Theoretical calculations based on concentric cylindrical compartments with independent 
magnetic susceptibilities have predicted that the diamagnetic susceptibility of COHb should 
result in intracellular resonances that are 0.12 ppm upfield from extracellular resonances (92, 
104). However, a recent calculation (131) that took into account the interdependence of the 
magnetic susceptibilities of the two cellular compartments has shown that the contribution of 
magnetic susceptibility effects toward the chemical shift separation between intra- and 
extracellular resonances in RBC suspensions is dependent on Ht and is less (0.06 ppm, Ht = 
100%; 0.08 ppm; Ht = 0) than that previously predicted (0.12 ppm). The observed chemical 
shift separation between intra- and extracellular 133Cs+ resonances in Cs+ -loaded RBC 
suspensions was weakly dependent on Ht, as expected (0.80 ppm, Ht= 1; 1.20 ppm, Ht = 
0). However, the observed transmembrane chemical shift differences observed with 133Cs+ 
resonances were much larger than those predicted. It was concluded that an effect 
independent of magnetic susceptibility is responsible for the clear resolution and the relative 
positions of the 133Cs + NMR resonances in Cs+ -loaded CORBC suspensions of intermediate 
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hematocrit. 
An increase in osmolarity of the suspension medium leads to an efflux of intracellular 
water and a decrease in mean cell volume (132). The resulting increase in COHb 
concentration gives rise to an increase in the diamagnetic susceptibility of the sample with 
increasing osmolarity. An increase in diamagnetic susceptibility with increasing osmolarity 
is associated with a decrease in BMS and, with a superconducting magnet, is expected to lead 
to upfield shifts. However, a downfield (as opposed to upfield) mes+ shift, due to a magnetic 
susceptibility independent effect, of the intracellular resonances was observed with increasing 
osmolarity (Figure XXV). At low osmolarity values, partial cell lysis and a decrease in ionic 
strength may account in part for the magnitude of the 133Cs + shifts. The small upfield mes+ 
shift of the extracellular resonance with increasing osmolarity is presumably due to an increase 
in the BMS of the extracellular compartment, as previously reported for 31P resonances of 
phosphoryl compounds in RBC suspensions (132). The chemical shift separation between 
intra- and extracellular mes+ resonances increased with osmolarity in Cs+ -loaded RBC 
suspensions. Similar increases in 31P and 19F NMR resonances were reported for phosphoryl 
compounds and difluorophosphate in RBC suspensions (107, 132). As the mean cell volume 
decreases with increasing osmolarity of the suspension medium, the intracellular concentrations 
of both biological phosphates and Cs+ are increased. Since the concentration ratios of Cs+ 
to biological phosphates are maintained at different mean cell volumes, the increasing 
downfield shifts of the intracellular 133Cs+ resonance observed with increasing osmolarity are 
due not to Cs+ interactions with biological phosphates, but to a magnetic susceptibility 
independent effect (vide infra). It was concluded that volume susceptibility is not responsible 
for the resolution and relative positions of the intra- and extracellular 133Cs + resonances 
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originating from Cs+ -loaded CO RBCs that are suspended in media of varying osmolarity. 
The high concentration of COHb present at high CORBC concentration should lead 
to an increase in the diamagnetic susceptibility of the sample. An increase in diamagnetic 
susceptibility with increasing RBC lysate concentration is associated with a decrease in BMS 
and, with a superconducting magnet, is expected to lead to small upfield shifts (0.12 ppm) 
(92, 131). Such small upfield 31P NMR shifts were, in fact, observed for triethyl phosphate 
(131). Downfield 133Cs+ shifts were observed with increasing CORBC lysate concentration 
(Figure XXVI). The 133Cs+ NMR measured shifts in RBC lysate samples relative to 0.15 M 
CsCI placed in a spherical bulb are independent of changes in magnetic susceptibility of the 
RBC lysate sample (106, 107, 132). It was concluded that a magnetic susceptibility 
independent effect was responsible for the downfield 133Cs + shifts observed in CORBC lysate 
samples. Precedents for magnetic susceptibility independent contributions towards 31P and '9F 
chemical shifts in CORBC lysate samples have also been reported for phosphoryl compounds 
and difluorophosphate ( 107, 131-133). 
To determine the contribution of the non-ideality of water to the intracellular 133Cs + 
shift, we measured 133Cs + chemical shifts and line widths in the presence of increasing 
concentrations of COHb and lysozyme (Figure XXVII). To eliminate the diamagnetic 
susceptibility contribution in the protein samples, we measured the chemical shifts relative to 
CsCI placed in a spherical bulb/cylindrical capillary reference assembly. The finding that 
increasing concentrations of two unrelated proteins (COHb and lysozyme) caused similar 
down field mes+ shifts suggests that the observed intracellular mes+ shifts in Cs+ -loaded 
RBCs are controlled by a general property of proteins and not by a specific property of Hb. 
Similar observations were reported for 31 P chemical shifts of phosphoryl compounds in the 
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presence of either COHb or lysozyme (133). The isoelectric point of hemoglobin is higher 
than that of lysozyme. At the neutral pH used in our experiments, COHb has a higher overall 
anionic charge than lysozyme. Nonspecific weak Cs+ binding is therefore expected to be 
more important for COHb than for lysozyme. The general property of proteins responsible 
for the mes+ shifts is unlikely to be viscosity because the mes+ chemical shift changes 
measured in PVP-100 samples were significantly smaller than those measured in the presence 
of samples of COHb or lysozyme with the same viscosity (Figure XXVIII). The line widths 
of the mes+ resonances in the presence of COHb, Iysozyme, or PVP-100 at the same 
viscosity were essentially the same, indicating that specific Cs+ binding to COHb is not 
responsible for the observed downfield shifts of intracellular 133Cs+ resonances in Cs+ -loaded 
CORBC suspensions. 
In the extracellular compartment, the Cs+ ion is coordinated to water ligands. In the 
intracellular compartment, however, hemoglobin is surrounded by ordered water of hydration. 
Thus, hemoglobin disrupts the hydrogen bonding network inside RBCs, leading to non-ideality 
of intracellular water. Intracellular Cs+ presumably penetrates the ordered hydration phase 
of hemoglobin. The number of water ligands available for coordination to intracellular Cs+ 
is smaller than to extracellular Cs+. A decrease in electron shielding of intracellular Cs+ 
should result in a downfield shift of the intracellular mes+ resonance, as observed. The 
downfield shifts of intracellular 133Cs+ NMR resonances resemble the downfield shifts of 19F 
NMR resonances of intracellular trifluoroacetate and difluorophosphate in RBC suspensions 
(95, 107). In contrast, the downfield shifts of intracellular 133Cs + are in the opposite direction 
of the upfield shifts of 31P NMR resonances observed for intracellular phosphoryl compounds 
and difluorophosphate (107, 132, 133). Water coordinates to Cs+ via oxygen atoms whereas 
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it coordinates to F via hydrogen atoms. In both cases hydrogen bonding results, however, 
in deshielding of the 133Cs and 19F nuclei. The dependence of the chemical shift of 
intracellular 133Cs + on the non-ideality of water is consistent with the strong dependence of 
133Cs chemical shifts on the nature of the solvent (79). 
Therefore, we conclude that the chemical shift separation of 133Cs + NMR resonances 
in Cs+ -loaded RBC suspensions stems mostly from binding of Cs+ to intracellular phosphates 
(in particular DPG) and, to a smaller extent, to the non-ideality of intracellular water and the 
magnetic susceptibility effects induced by hemoglobin. 
The increase in the line widths of all 13C and 31P NMR resonances of DPG upon 
addition of Cs+ is consistent with Cs+ enhancement of the spin-spin relaxation times of the 
three 13C and two 31P resonances of DPG (Table XVII). Therefore, the interaction of the cs+ 
ion with DPG most likely involves the carboxylic group on carbon 1 and each of the 
phosphate groups on carbons 2 and 3 of DPG~ The chemical shifts of the 13C and 31P NMR 
resonances of DPG did not change upon addition of Cs+, presumably because the interaction 
with the carboxylate and phosphate groups of DPG occurs via the oxygen atoms and not 
directly with the reporter nuclei. From our 31P and 133Cs NMR results (Tables XIV and 
XVII), we conclude that Cs+ interacts more strongly with DPG than with ADP or ATP. cs+ 
forms a 1:1 complex with DPG with a K0 of 3.8 mM (Figure XXIX). This Cs+ interaction 
is unique because DPG is reported to bind Mg2+, Zn2+, and AJ3+ more weakly than does either 
ADP or ATP, despite the presence of two basic phosphates (108, 135, 136). The stronger 
interaction of Cs+, relative to Na+ (137), with DPG may be related to the larger ionic size 
of Cs+ and to the capacity of DPG to act as a tridentate ligand. We conclude from our 31P 
and 13C NMR data (a) that Cs - interacts with the phosphate and carboxylate groups of DPG, 
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and (b) that the competing ions decrease the observed Cs+ interaction with DPG. 
Comparison of 31P NMR spectra of Cs+ -loaded and Cs+ -free RBC suspensions (fable 
XV) indicated that Cs+ loading broadened and moved the lip resonances of DPG (and to a 
smaller extent the resonances of ATP and PJ upfield in deoxyRBC, but not in CORBC 
suspensions. Deoxygenation did not cause any significant changes in the peak areas of the 
lip resonances of DPG in Cs+ -loaded or Cs+ -free RBC suspensions (data not shown). This 
lack of change in DPG levels upon deoxygenation is in agreement with previous reports (102a, 
138). DPG binds more strongly to deoxyhemoglobin than to oxyhemoglobin (or its analogue, 
COHb) (102a, 109). Moreover, Mg2+ binds to DPG more strongly in CORBC than in 
deoxyRBC suspensions. Although less free DPG is available in deoxygenated RBC 
suspensions to bind Cs+, DPG is not complexed as fully to Mg2+ (102a). Because the affinity 
of DPG for Mg2+ is higher than that for Cs+ (108), binding of Cs+ to free intracellular DPG 
occurs most strongly in· deoxyRBC suspensions. This may explain why the effect of Cs+ 
loading in lip resonances of DPG is more noticeable in deoxyRBC than in CORBC 
suspensions (fable XV). Competition between Cs+ and hemoglobin for DPG will have the 
result that smaller amounts of DPG are available to bind to deoxyHb, which, in tum, will 
result in an increase in the oxygen affinity of hemoglobin. The enhanced oxygen affinity of 
hemoglobin in the presence of Cs+ may hinder the release of oxygen to tissues and may 
provide a mechanism for cs- toxicity. 
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